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Abstract
Wetlands are critical ecosystems that are inhabited by an incredible diversity of
organisms, but they are threatened by human activity. Water chemistry testing and bioindicators
are two methods for monitoring wetland health. Desmids belong to an order of unicellular,
microscopic green algae that live in freshwater habitats, including wetlands. The role of desmids
as bioindicators for water quality has been studied due to desmids' narrow ecological range,
sensitivity to changes in the environment, and morphological diversity. The function of desmids
as bioindicators in New England has not been studied thoroughly. This project examined the
relationship between the desmid communities and environmental factors of New England
wetlands. Desmid samples were collected from fourteen wetlands in southern and northern New
Hampshire and one wetland in Massachusetts. The environmental factors measured at the sites
were conductivity, pH, shoreline length, total wetland area, unvegetated open water area, percent
vegetation cover. The relationships between the diversity of the desmid communities and the
water chemistry measurements at the sites were examined with correlation and regression
analyses. The relations between sites were evaluated with similarity indices based on desmid
community composition. Canonical correspondence analysis was performed to determine which
environmental factors explained the greatest amount of variation in the desmid community
composition. A total of 243 desmid species belonging to 23 genera were observed across all
sites. The highest desmid diversity was observed at Fourth Connecticut Lake, a remote site in
Pittsburg, NH, where 109 desmid species belonging to 18 genera were recorded. A diversity of
desmid communities was found at sites throughout southern and northern New Hampshire and
the desmid communities displayed sensitivity to environmental conditions. Similar to results of
other studies, the results of this study suggest that desmid communities may be influenced by
pH. There was a negative relationship between the number of desmid genera and pH, indicating
that the number of desmid genera at the sites decreased with increasing pH. Conductivity,
percent vegetation cover, and pH were the most important environmental factors in explaining
the variation in desmid community composition of the sites. However, the environmental factors
in this study did not fully explain differences in desmid diversity and community composition
among sites. Further research of the desmid communities in New England with a larger sample
size, a wider range of water chemistry measurements, and additional environmental factors is
necessary to understand the relationship between desmid communities and environmental
conditions. Desmids as bioindicators would offer a valuable opportunity to monitor wetland
health through citizen science projects and raise of awareness of the importance of wetlands.
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Introduction
Examining a drop of water from a wetland under a microscope can reveal hundreds of
key members of wetland life that would otherwise be invisible to humans (American Museum of
Natural History, n.d.). Among these organisms would be green algae. Green algae form a
remarkably diverse taxon of algae, with over 17,000 species, and they have inhabited earth for
hundreds of millions of years (Leliaert, 2012; Bellinger & Sigee, 2015). The desmids form a
group within green algae. These single-celled organisms are known for the beauty of their vivid
green color, symmetry, and array of shapes (“Desmids,” n.d.). Desmids live in freshwater
habitats, such as bogs, fens, lakes, and ponds and are often found in wetland locations containing
a variety of aquatic plants. They do not survive in polluted water (“Desmids,” n.d.). Wetlands
and the organisms that rely on them are threatened by human activities that affect water quality,
such as agriculture and land development. Understanding the organisms that inhabit wetlands
and the relationships between them allows humans to monitor and restore wetland health.
Desmids have not been studied as indicators of wetland health in New England, despite their
diversity and sensitivity to wetland conditions. Additionally, the relationship between desmids
and the plant communities surrounding them has not been well studied. Research on desmids as
indicators could provide valuable information for the preservation of wetlands.

Wetlands
A wetland exists where water covers the soil throughout the year or during certain
seasons, but always during growing season (U.S. EPA, n.d.-c). It is the connection between land
and water.
The Importance of Wetlands
Wetlands are valuable ecosystems that must be protected. One of the principal values of
wetlands is biodiversity. The quantity of biodiversity in wetlands is similar to rainforests and
coral reefs (U.S. EPA, n.d.-a). Wetlands brim with life. Nearly 5,000 plant species inhabit
wetlands in the United States (United States Department of Agriculture, n.d.). Beneath the
seemingly still waters, aquatic organisms, including fish and plankton, flourish. Countless insects
are found throughout wetlands. Ducks, geese, wading birds, woodpeckers, and a variety of other
birds reside in wetlands. Migratory birds stop at wetlands to rest during their long journey. The
soils are rich with microbes. Amphibians, such as frogs and toads, inhabit both the land and
water. Turtles can be seen basking on rocks to warm in the sun before returning to the cool
water. Wetlands are also home to mammals, including deer, black bears, beavers, and muskrat
(U.S. EPA, n.d.-f). A wetland provides organisms with food, water, shelter, and a place to breed
and raise young. In the US, 43% of endangered or threatened species depend on wetlands
(Vermont Agency of Natural Resources, n.d.). Some species, such as swamp rose (Rosa
palustris) and wood ducks (Aix sponsa), cannot live anywhere other than wetlands (U.S. EPA,
n.d.-f). All of these organisms contribute to the delicate balance of a wetland ecosystem. They
are connected to the organisms around them, and each enables the well-being of the wetland as a
whole.
Wetlands have a key role in regulating the environment. First, they are the earth’s water
filtration system. Water flows slowly through a wetland before reaching open waters. As the
water moves around plants, sediments fall to the wetland floor (U.S. EPA, 2002b). Plant roots,
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microbes, and the soil absorb excess nutrients and other pollutants from the water. Filtration
protects organisms in wetlands, and it also stops pollutants from reaching open waters, where
they could harm organisms living in oceans. A second environmental function of wetlands is
carbon storage. Excess carbon dioxide in the atmosphere is one of the leading factors in climate
change, because carbon dioxide absorbs heat and insulates the Earth. Carbon dioxide is absorbed
by the plants, algae, and soil of a wetland, and carbon remains in the soil rather than being
released to the atmosphere. As stated by the Convention on Wetlands, wetlands are the Earth’s
most effective carbon sink (Ramsar, n.d.). They form only 5-8% of the surface of the land on
earth, but store between twenty and thirty percent of the earth’s soil carbon (Mitch & Gosselink,
2007 as cited in Nahlik & Fennessy, 2016). Additionally, wetlands regulate the transfer between
the ground and the land. A wetland serves as an area of groundwater discharge and recharge
(Matanuska-Susitna Borough Government, n.d.). The process of water moving from the ground
towards surface of the land is called groundwater discharge. The groundwater discharged into
wetlands is slowly released into streams and maintains the water levels in streams, lakes, and
ponds. This supply of water is especially important for organisms during dry periods in the
summer. Groundwater recharge occurs when water enters the ground. Wetlands gradually release
water into ground, restoring sources of groundwater.
Humans benefit from wetlands in many ways. The world is facing a clean water crisis,
with over 1 billion people lacking access to clean water, partly due to water pollution (World
Wildlife Fund, n.d.). The filtration of water by wetlands improves the quality of drinking water
sources such as lakes and reservoirs. Groundwater is a source of drinking water for humans, and
wetlands replenish groundwater (Matanuska-Susitna Borough Government, n.d.). Wetlands
prevent flooding by storing large amounts of water from storms and releasing it slowly. This is
crucial, because the risk of floods is increasing as storms become more severe and produce
heavier rainfall as a result of climate change. Humans acquire food from wetlands, including
fish. Worldwide, about 300-400 million people live along wetlands (World Wildlife Fund, n.d.),
and for many populations, wetlands are an integral part of heritage and culture. Lastly, wetlands
are ideal locations for humans to learn about nature.
The Role of Plants and Algae in Wetlands
Algae and plants share common functions in wetlands. Both algae and plants are primary
producers, which provide the energy that flows through the entire ecosystem. Many organisms
are heterotrophs, including all animals. Heterotrophs must obtain their energy through the
consumption of organic molecules and cannot acquire energy from inorganic substances in the
environment. The organic compounds produced by plants and algae through photosynthesis are
usable sources of energy for heterotrophs. The conversion of inorganic carbon in carbon dioxide
to organic carbon in sugars is called carbon fixation, and it is one of the major functions of plants
and algae. Algae is a source of food for invertebrates and fish, birds, and insects feed on plants
(U.S. EPA, 2002a). In wetlands, plants continue to contribute a large amount of energy to the
ecosystem after they die, because microbes, including bacteria and fungi, consume decaying
organic plant matter (Cronk & Fennesy, 2006). Through the process of decomposition, the
bacteria and fungi break down the organic compounds in plant tissue into inorganic compounds
that are absorbed by plants to be converted into organic compounds, and the flow of energy
continues. Photosynthesis by algae and plants also releases oxygen into the atmosphere. Oxygen
is vital for most organisms, including animals.
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Types of Wetlands in New England
There are four main types of wetlands in the United States: bogs, fens, swamps and
marshes. All four wetland types are found in New England.
Bogs and fens are characterized as peatlands, because they are formed where an organic
soil called peat collects (U.S. EPA, n.d.-e). Peat is decaying material from a spongy moss called
Sphagnum, or peat moss. Bogs only accumulate water from precipitation, whereas fens also
receive water from the ground as it drains from other bodies of water. The water from
precipitation that forms bogs has low mineral and nutrient content. Bogs are highly acidic
because of the Sphagnum that grows abundantly and produces acid. Fens have lower acidity and
higher nutrient levels than bogs, because the water they receive from the ground is richer in
minerals and nutrients than precipitation. Bogs and fens form in lakes that were left behind when
the glaciers retreated from the land. Peatlands can take thousands of years to form naturally, so
they cannot simply be replaced if they are destroyed (U.S. EPA, n.d.-e).
A swamp is a wetland characterized by woody plants, including shrubs and trees.
Swamps have standing water at specific periods of the year, and the remainder of the year, the
soil is saturated. A rare type of wetland habitat found only in a narrow range on the east coast is
the Atlantic White Cedar Swamp. Atlantic White Cedar (Chamaecyparis thyoides) is an
evergreen tree with scale like leaves. Rare plants also inhabit these swamps, such as giant
rhododendron (New Hampshire Natural Heritage Bureau, n.d.).
Marshes are wetlands that are continuously or periodically covered in shallow water. The
water is generally floodwater or runoff, but it can also be ground water (U.S. EPA, n.d.-e).
Runoff is water that flows across the land when there is an excess of water that the land cannot
absorb (National Geographic, n.d.). Marshes are also defined by soft-stemmed, non-woody
vegetation, including a variety of grasses and sedges. Tidal marshes come into contact with the
tides of the ocean, and they are common on the East Coast. These marshes can be saline, and
they are critical habitats for waterfowl, clams, crabs, and fish (U.S. EPA, n.d.-e). Non-tidal
marshes are usually freshwater, and soil in these wetlands is organic and mineral-rich, so plant
and animal life flourish there.
Threats to Wetlands
Wetlands are threatened ecosystems. When the settlers arrived in the United States, there
were over 220 million acres of wetlands, and only half remain today (U.S. EPA, n.d.-d). Human
activity is the cause of this loss. Beginning the 1700s, U.S. wetlands were drained for agriculture,
and today, the main cause of wetland loss is land development. Another major concern is that the
remaining wetlands are in poor condition because of degradation (U.S. EPA, 2016). Less than
half of wetland area in the US is in good condition based on an index that measures the quality of
vegetation in wetlands (U.S. EPA, 2016). Human activities such as dredging, diking, damming,
and surface hardening degrade wetlands by influencing the hydrology of wetlands (U.S. EPA,
n.d.-b). Altering these defining characteristics of a wetland will modify the soil chemistry and
harm organisms that rely on specific conditions. Pollution degrades a wetland by reducing water
quality. Fertilizers, road salts, pesticides, sewage, and sediments enter wetlands from urban and
agricultural areas. Vegetation removal is a threat to trees of forested wetlands and smaller plants.
Without plants, wetlands cannot filter water. Furthermore, invasive species introduced to
wetlands by humans often outcompete native species and take over their habitats (U.S. EPA,
2016). Finally, human-driven climate change is a growing threat. Climate change leads to
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drought, wildfires, changes in temperature and precipitation, and rising sea levels, which all
present challenges to wetlands (Indiana University, n.d.).
Protection of Wetlands
Wetlands are conserved by federal and state laws. Federally, wetlands are protected by
the Clean Water Act. This act prohibits the release of pollutants into US waters. The Clean Water
Act is limited, because it does not prohibit wetland altering methods such as draining and
flooding, and some activities are exempted from a permit (Gatz & Stubbs, 2017). States and
localities follow additional laws and bylaws that may be stricter than federal laws. The U.S.
Environmental Protection Agency (EPA) leads wetland conservation and restoration in the
United States. Every five years, the EPA conducts the National Wetland Condition Assessment
to evaluate the health of wetlands across the United States. Field crews survey over 1000 wetland
sites, and at each site, data on vegetation, soils, hydrology, algae, water chemistry, and potential
stressors is collected and used to analyze the wetland condition. The results of the assessment
describe the national and regional quality of wetlands and identify major stressors. One of the
most important functions of the EPA in wetland conservation is supporting state and tribal
wetland programs that monitor, protect, and restore wetlands.
Wetland Monitoring
Wetland monitoring gives organizations the ability to track wetland health and is critical
for protection. The impact of human activities or other disturbances is assessed with monitoring.
If wetland health is poor, organizations may begin restoration. Monitoring also gives
organizations insight into the success of conservation and restoration efforts.
Monitoring with Water Chemistry Testing.
One method for monitoring wetlands is by measuring water quality with water chemistry
tests. Water chemistry measurements include nutrient levels, pH, and conductivity.
The main nutrients that are assessed in wetlands are nitrogen and phosphorus, which are
essential for the survival of plants and algae. The forms of nitrogen used by plants are nitrate
(NO3-) and ammonium (NH4+), two forms of inorganic nitrogen. The forms of phosphorus used
by plants are inorganic phosphates (PO43-) (University of Missouri, n.d.). Plants absorb
orthophosphates, including H2PO4- and HPO42-, which are inorganic forms of phosphate
consisting of a single phosphate molecule (Murphy, 2007). Microorganisms convert organic
forms of nitrogen and phosphorus into the inorganic forms that are used by plants. Water
chemistry tests for nitrogen may measure the total nitrogen in the water, which includes all forms
of nitrogen, or the levels of ammonium, nitrate, or organic nitrogen. Phosphorus levels may be
tested by measuring the total phosphorus levels, including all forms of phosphorus, or by
measuring the total orthophosphates, which only include the forms of phosphorus used by plants.
The terms oligotrophic, eutrophic, and mesotrophic describe water nutrient levels. Oligotrophic
water has low nutrient levels. Eutrophic water has high nutrient levels, and mesotrophic water
has moderate nutrient levels. Dystrophic water is acidic, low in nutrients, and is brown because
of peat soil (Calderó-Pascual et al., 2020). The process by which nutrient levels increase is called
eutrophication. Human activity increases the rate of eutrophication. Fertilizers and wastewater
contain high quantities of nutrients, and they are carried to water bodies by runoff (Clements,
2021). The combustion of fossil fuels releases nitrogen oxides into the air, and the nitrogen
oxides enter the water through deposition. Agricultural and industrial practices contribute
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significantly to eutrophication. If water has an excess of nitrogen and phosphorus, the growth of
some groups of algae will increase significantly, and they will form algal blooms that are
harmful to other organisms. After the algae die, they are decomposed by bacteria. The process of
decomposition consumes the dissolved oxygen in the water, and the oxygen levels in the water
decrease. This negatively impacts organisms that require oxygen. The algal blooms also block
sunlight from underwater plants and algae by forming dense layers on the surface.
The acidity of the water is measured by pH. Acidity corresponds to the concentration of
hydrogen ions in a solution, more specifically pH is the negative logarithm of hydrogen ion
concentration (pH = -log10(H+)). In order to survive, species require pH values to be in a
particular range, and most species do not survive if the pH is extremely high or low. The pH of
the water influences the solubility and availability of nutrients and affects the function of
proteins inside cells.
Conductivity measures the ability of water to pass an electrical current and may indicate
what is dissolved in the water (U.S. EPA, n.d-d). Salts and metals that are dissolved in water
release ions, including calcium, magnesium, sodium, and chloride ions, and ions are charged
particles that conduct electricity. The characteristic conductivity of a water body is affected by
the geology of the area where the water has flowed. If the water body is surrounded by rocks that
are easily broken down by the water, the rocks will contribute more salts to the water body and
the conductivity of the water body will be higher. An increase in conductivity could be indicative
of pollutants dissolved in the water (U.S. EPA, n.d.-b). The New Hampshire Department of
Environmental Services analyzed water quality data collected from 150 lakes and ponds in New
Hampshire between 1991 and 2018 (New Hampshire Department of Environmental Services,
2020). The analysis revealed that there was an increase in specific conductance at 80% of sites in
the last 10 years. Conductivity is affected by temperature, but specific conductance reports what
the conductivity would be at a temperature of 25°C, based on the measured conductivity and the
temperature at which it was measured. Road salts, fertilizers, agricultural run-off, storm run-off,
and septic systems are factors that could increase conductivity (New Hampshire Department of
Environmental Services, 2020).
Monitoring with Bioindicators.
Bioindicators are another wetland monitoring method. A bioindicator is a species or
community of species whose presence or absence provides information about physical and
chemical aspects of an environment (Bellinger & Sigee, 2015). A bioindicator reflects the
biological integrity of a wetland. Biological integrity relates to capacity of an ecosystem to
support the species composition, diversity, and functions that would be present in a natural,
undisturbed habitat (U.S. EPA, n.d-a). Organisms respond to several different stress factors over
time, to offer a more complete understanding of the environment, compared to water quality tests
that represent one of many environmental factors at the time of the measurement. Biological
indicators can be fast, reliable, and less expensive than water chemistry tests and they may
directly assess the effects of the environment on the organisms that are at risk (Bellinger &
Sigee, 2015). Researchers monitoring wetlands often use bioindicators in conjunction with water
chemistry tests or use multiple bioindicators. According to Bellinger and Sigee (2015), an ideal
biological indicator has specific characteristics. A bioindicator responds quickly to changes in
the environment. The taxonomy of the bioindicator is well known so identification is reliable.
The bioindicator occurs across a wide geographic range, but it inhabits a narrow ecological range

10

(Bellinger & Sigee, 2015). Ecological range relates to the environmental conditions in which an
organism lives. Plants and algae are important bioindicators for assessing wetland condition.
Plants as Bioindicators.
Plants live in all wetlands and are one of the most common and effective bioindicators.
The species composition of a community shifts when nutrient levels, hydrology, turbidity, and
sedimentation are altered (U.S. EPA, 2002b). Species are adapted to different conditions, and
some have a greater degree of tolerance for poor conditions and disturbance than others. In
general, the identification of plants is easy with practice and the aid of a field guide (U.S. EPA,
2002b). The immobility of plants allows them to provide information regarding long term
stressors. Low plant species diversity and the presence of invasive species may be indicative of
human disturbances. A limitation of plants as bioindicators is that they may not respond as
rapidly to change as organisms with shorter life spans such as algae.
Algae as Bioindicators.
Algae have several qualities that make them useful bioindicators. There are many algal
species, and the different species prefer to live in distinct environmental conditions. The EPA
explains that species composition will change “predictably and sensitively” when there is
variation in light availability, pH, conductivity, nutrient levels, and contaminants (U.S. EPA,
2002a). The high growth rate of algae also allows researchers to study the effects of
environmental factors on algae species in a laboratory setting, which could contribute to an
understanding of their use as bioindicators (U.S. EPA, 2002a). Identification keys for algae have
been published, for example Prescott (1951). Changes in algal composition, as well as plant
composition, could reflect the status of the entire ecosystem because algae and plants are the
foundation of the ecosystem and provide energy and oxygen for other organisms.
Diatoms (Bacillariophyceae) are the microscopic algae that have been most widely
researched as bioindicators for freshwater ecosystems in North America. The cell walls of
diatoms are exceptional among algae because they composed of silica glass (U.S. EPA, n.d.-g).
One reason diatoms are ideal bioindicators is they are a diverse group containing species with
individual environmental preferences (Bellinger & Sigee, 2015). They are easy to sample and
count, and diatom taxonomy is well documented (U.S. EPA, 2002a). Diatoms remain in wetland
sediments even during periods when the water dries out, which provides an opportunity to study
wetland conditions throughout the year.
An interesting application of diatoms as indicators is in the analysis of historical
ecological conditions. The glass cell walls (frustules) of diatoms are preserved as fossils in
sediments of wetlands, and scientists can identify the species in order to reconstruct past
environmental conditions. One limitation of diatoms as indicators is that the identification of
diatoms requires a high-quality light microscope or preferably, a scanning electron microscope.
The identification of the smaller diatom taxa may be inaccurate with a light microscope, because
the features of the cell walls that distinguish the taxa are not visible with a light microscope
(Morales et al., 2001). It also is challenging to accurately identify diatoms because of the high
number of diatom species (over 75,000 taxa have been named, Kociolek et al., 2022). A single
sediment sample commonly contains over one hundred diatom species (Dixit et al., 1999).
Expertise is necessary for the accurate identification of diatom taxa. Additionally, the process of
preparing samples for microscopic analysis is difficult (Bellinger & Sigee 2015). Dixit et al.
(1999) used diatom fossil assemblages to evaluate changes in water quality of 257 lakes in the
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northeastern United States over the previous 150 years. The diatom fossil taxa in the upper layers
of sediment were indicative of the present lake conditions, and the diatom fossil taxa in the
lowers layers of sediment were indicative of the pre-industrial conditions (Dixit et al., 1999). The
researchers found there was a relationship between the distribution of diatom species and pH,
total phosphorus, and chlorine levels. A predictive model was developed to estimate the value of
these environmental variables at lakes and reservoirs based on the diatom species at the sites.
According to the present and historical diatom species at lakes in the Northeast, the water quality
has decreased over time, most likely due to the increase in human activity. The number of
eutrophic lakes and the number of acidic lakes increased (Dixit et al., 1999).
Desmids are another diverse group of microscopic algae that could serve as bioindicators
in North America. Studies in other countries, particularly in Europe, have demonstrated evidence
of desmids’ potential as bioindicators (Bestová et al., 2018; Coesel, 1982; Šťastný, 2009;
Štěpánková et al., 2012). In comparison, desmids of North America are understudied. Research
is needed to identify species that characterize regions and habitats of North America, in order to
gain knowledge and appreciation for these organisms, and to assess their function as
bioindicators.
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Desmids
An Introduction to Desmids

A

C
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E

Figure 1. Desmid species display a diverse array of shapes and cell wall ornamentation. A)
Staurastrum anchora. Photograph by K. Fučíková, 2019, iNaturalist
(https://www.inaturalist.org/observations/37719052). B) Micrasterias mahabuleshwarensis.
Photograph by K. Fučíková, 2019, iNaturalist
(https://www.inaturalist.org/observations/27814597) C) Euastrum humerosum. Photograph by K.
Fučíková , 2019, iNaturalist (https://www.inaturalist.org/observations/26690405) D) Closterium
dianae. Photograph by K. Fučíková, 2019, iNaturalist
(https://www.inaturalist.org/observations/28437119) E) Two specimens of Cosmarium
punctulatum. Photograph by K. Fučíková, 2019, iNaturalist
(https://www.inaturalist.org/observations/38393647).
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Desmids are a type of microscopic unicellular green algae of the order Desmidiales. They
are described as beautiful because of their striking shapes and bright green color. A unique
characteristic of desmids is the diversity of their cell morphologies (Fig. 1). There is a great
variety of desmid shapes, including globular, spindle and star shapes (“Desmids,” n.d.). Their
cell wall, or protective outer layer, is usually ornamented with granules, tubercles, and spines.
The cells are divided into two semi-cells that are mirror images of each other, and the cells can
possess several planes of symmetry. The chloroplasts of desmids also exhibit a degree of
diversity not seen in any other algae or plants. Chloroplasts are structures within the cell that
capture energy from sunlight and convert it into energy that can be used by the cell. A
noteworthy feature of desmid chloroplasts is that they tend to have the same shape as the cell
(Wehr et al., 2015). The shape of the cells, the cell wall ornamentation, and chloroplasts are
important for identifying desmid species.
Desmids live in freshwater habitats, especially in bogs (Wehr et al., 2015). Although they
generally live as individual cells, some desmids are also capable of forming loose chains (The
Linnean Society, 2020). They can be planktonic, benthic, or periphytic. Planktonic algae float
freely in the water, while benthic algae are attached to ground beneath the water. Periphytic
algae live on plants or rocks in the water, and desmids are often found living on or around
aquatic plants (Wehr et al., 2015). Importantly, desmids almost always live in clear, unpolluted
water, and most desmids prefer to water that is low in nutrients and slightly acidic (Bellinger &
Sigee, 2015).
Desmids as Bioindicators
Desmids display characteristics of good bioindicators. First, they have a narrow
ecological range. It is known that in general desmids prefer freshwater habitats with oligotrophic,
mesotrophic, or dystrophic waters that are slightly acidic (pH slightly below 7) (Wehr et al.
2015). Second, desmids respond to changes in the environment. The diversity of species in
desmid communities increases as water quality improves, and different species appear in desmid
communities with changing water conditions. Lastly, the identification of desmids species is not
as difficult, because species have unique shapes and ornamentation generally visible under light
microscope, and desmid identification keys are available. Although there are many desmid
species (5,000 estimated by Van den Hoek et al. (1995)), the number of desmid species is much
lower than the number of diatom species, as about 75,000 diatom species have been named.
Research on Desmids as Bioindicators
From 1970-1977, Coesel studied the distribution and ecology of desmids in Dutch
wetlands (Coesel, 1982). Desmid samples were collected from open water bodies and fens. The
number of desmid species and genera in the open water habitats increased significantly from
polluted to clean water, with the greatest diversity occurring in the clear water with many aquatic
plants (Coesel, 1982). Coesel explains that this is because water pollution, or eutrophication,
leads to increased growth of harmful algae that are detrimental to the growth of aquatic plants,
and aquatic plants are habitats for desmids. Diversity of desmids could also decrease in eutrophic
waters as a result of the water chemistry. The number of desmid genera in the open water
habitats was highest in water with low electrolyte levels, or low conductivity. In fen habitats, the
greatest diversity of desmids lived in an intermediate conductivity, possibly because these areas
could support both oligotrophic and eutrophic desmids. This habitat has frequently fluctuating
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environmental conditions. As a result, the desmid species that survive best are continuously
changing, and the overall diversity of desmids is high.
The study supported the use of desmids as indicators because desmid species diversity
decreased in polluted water, and the species composition of the desmid communities varied with
changing conditions. It explained desmid preferences and suggested that different species of
desmids have unique habitat preferences based on their cell shapes.
After extensive research on desmids in different regions, Coesel published a method for
using desmid communities to quantify the conservation value of aquatic ecosystems, on a scale
from 0-10, where 10 is the highest conservation value (Coesel, 2001). Conservation value is a
measure of how critical it is to protect the land that is being assessed. The conservation value of
an ecosystem is determined by how easily the ecosystem could be recovered if it were disturbed.
Coesel’s method assigned conservation value according to desmid species diversity, rarity of
desmid species and the presence of species that are indicative of a mature ecosystem (Coesel,
2001). If an ecosystem has high diversity, rarity, and maturity, it would be more difficult to
recover the ecosystem if it were disturbed and it would have a high conservation value. It is
necessary to preserve sites with high conservation values and restore sites with low conservation
values. In addition, Coesel published a Red List of endangered desmid species for the
Netherlands which includes species that are both rare and highly indicative of ecosystem
maturity. Coesel states that the presence of one or more Red List species at a site suggests that
the site should be conserved.
In 2003, Coesel published case studies exemplifying the value of this method in wetland
conservation projects. One case describes a pool that was inhabited by rare plants but few desmid
species. The conservation value of the site was low because of the poor desmid diversity (Coesel,
2003). There were not many desmid species because the water had become more acidic in recent
decades as a result of high acidity precipitation. This acidification could not be detected by
observing the plants, but sensitive desmid species responded quickly, suggesting that desmid
flora sometimes reflects changes in water quality before vegetation (Coesel, 2003). In another
example, oligotrophic to mesotrophic pools decreased in conservation value when they became
polluted and underwent eutrophication. The society attempted to restore the pools by cutting off
contact with the nutrient rich water source. This, however, led to over acidification of the pools,
which was seen in decreasing desmid species diversity. A pump was installed to carry clean,
alkaline water to the pools, and mesotrophic species reappeared. These case studies provide
evidence of the sensitivity of desmid species to changes in nutrient levels and acidity, and they
reveal that desmids as indicators can be beneficial for understanding the effects of conservation
projects.
The desmid studies that have been mentioned demonstrate that desmid taxa are specific
to sites and regions. For desmids to be implemented as indicators, a comprehensive
understanding of the taxa in the area being tested is necessary. Although there is some
knowledge of desmids in North America, Wehr et al. (2015) states that there is not adequate data
to quantify regional differences in desmid species. The data collected in this project could
contribute to an understanding of New England desmids and their use as bioindicators.
It is also important to collect desmid data in order to grow awareness of desmids and the
microbial world. Desmids could inspire interest, excitement, and curiosity for learning about
biology. If people recognize the beauty and value of desmids, they will feel a connection to
nature and will be concerned about on the impacts of human activity on other organisms. This
could encourage people to protect the ecosystems in their communities.
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Current Information on Desmids of North America and New England
There are over 1200 species of desmids in 32 genera in North America (Wehr et al.,
2015). A large portion of the research on desmids in New England was conducted in the early
1900’s by researchers such as by Joseph Cushman. Cushman was a micropaleontologist from
Bridgewater, MA. Between 1903 and 1908, Joseph Cushman studied the desmids of New
England and published lists of desmid species, their locations, and descriptions of the observed
species (Cushman, 1903, 1905, 1908). It has been over one hundred years since the original work
on desmids in New England was published, and the records of desmids in New England must be
updated. The desmid flora present at a site change over time. Researchers in Europe have
observed that the species recorded in current surveys of wetlands are very different from earlier
surveys (The Linnean Society, 2020). More recent records of desmids in New England were
added by Vaccarino et al. (2011), Fučíková et al. (2015) and others, but few systematic surveys
have been conducted. Vaccarino et al. (2011) examined the algal flora of Acadia National Park
in Maine. The researchers recorded the genera of algae observed in over 200 samples collected
from freshwater and brackish habitats throughout the park. There were 25 genera of desmids and
a total of 160 genera of algae present in the samples. Desmids and diatoms were the most
commonly observed algal taxa (Vaccarino et al., 2011). Fučíková et al. (2015) sampled wetland
habitats near Steuben, Maine and found 130 desmid species and subspecies, 55 of which had not
been previously reported in Maine. The authors explain that the desmid diversity and large
number of previously unreported species observed in this small geographic region, in addition to
the potential of desmids as indicators of water quality, should inspire further study of desmid
distribution in New England.
The desmids of New Hampshire have been studied in recent years. Last year, a student
from Assumption University compared the desmid flora of two ponds in New Hampshire
(Geragotelis & Fučíková, 2021). Water chemistry levels were not measured, but one pond was
affected by a higher level of human disturbance than the other site. The more disturbed site is
located in the city of Nashua, NH, while the less disturbed site is at Russell Abbott State Forest.
This study found that the abundance of desmids, desmid species richness, and number of RedList desmid species were higher at the less disturbed site (Geragotelis & Fučíková, 2021). The
diversity indices were higher at the more disturbed site due to the higher evenness of species in
comparison to the less disturbed site (Geragotelis & Fučíková, 2021). The author suggested that
in future study, water chemistry measurements could be collected to compare the desmid flora at
sites with different water qualities. From 2017-2019, students from Assumption University
studied the desmid flora at Pudding Pond in New Hampshire, Carver Pond in eastern
Massachusetts, and Hawley Bog in western Massachusetts, and compared the current desmid
flora to historical records of desmid taxa from the early 1900s (Fučíková, 2020). Over time, the
composition of desmid communities changed, and the desmid species richness decreased
(Fučíková, 2020). It was concluded that the increase in human disturbance, population density,
and tourism at the sites could be responsible for the decrease in desmid species richness and
habitat quality (Fučíková, 2020). In the past fifteen years, individuals have recorded desmid
observations in New England on iNaturalist.
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The Relationship Between Plants and Algae
Green algae are the closest living relatives of land plants. These two groups of organisms
share structural and functional characteristics, and together form the base of wetland ecosystems.
They are both used as bioindicators in wetlands. The current research on the interactions between
plants and algae suggest that there could be a relationship between plant and algal species in
wetlands. Plants are a habitat for some species of algae in wetlands. Studies of algae growing on
plants demonstrate that different algae species may have preferences for the species of their host
plant. According to Coesel, desmids prefer to live on plants with finely divided, feathery leaves,
such as Utricularia, or bladderwort. In a study by Mutinová et al. (2016), the species
composition of desmids was different on Sphagnum moss compared to other wetland plants. The
researchers propose that this could be because the Sphagnum moss gives off acid, so it is
preferred by desmid species that survive in acidic conditions (Mutinová et al., 2016).
The correlation between plant and algal species in wetlands is not well researched. An
understanding of this relationship would give humans greater insight into the complexities of
wetland ecosystems, which would allow for more comprehensive wetland monitoring and
protection methods.

The Study
In this project, the desmid communities, plant communities, water chemistry levels, and
physical characteristics of fifteen wetlands in New Hampshire and Massachusetts were studied.
The first hypothesis was that there would be a relationship between the diversity and
species composition of desmid communities and the water chemistry measurements of New
England wetlands. The relationships between desmid diversity and certain water chemistry
measurements could be described by bell-shaped curves. For example, it may be expected that
the diversity of desmid communities would be highest at slightly acidic pH levels and lower in
highly acidic or highly basic conditions. However, the range of pH and conductivity
measurements was expected to be narrow, and it was unlikely that sites in New England would
have extremely high or low pH and conductivity levels. Consequently, the relationships between
desmid diversity and pH or conductivity were predicted to be linear. It was predicted that the
relationship between desmid diversity and conductivity would be negative, which means that the
desmid diversity at the sites would decrease as the conductivity of the sites increased. The
relationship between desmid diversity and pH was also predicted to be negative, indicating that
the desmid diversity of the sites would decrease as the pH of the sites increased. It was thought
that certain desmid species or genera may be indicative of the water quality of New England
wetlands. The second hypothesis was that sites with high desmid diversity could be inhabited by
native plants and plants that are indicators of high ecological integrity, while invasive plants or
plants that are indicators of low ecological integrity may be present at sites with low desmid
diversity. A third hypothesis was that the shoreline length, total area, unvegetated open water
area, and percent vegetation cover influence the diversity and species composition of desmid
communities. The overall hypothesis was that desmid diversity and community composition are
affected by environmental conditions, and that desmids could be used as bioindicators for the
water quality of New England wetlands.
The data from this study may contribute to the knowledge of desmids in New England
and could help to determine the function of desmids as bioindicators.
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Methods
Study Sites
Fifteen sites were sampled in New Hampshire and Massachusetts, and the algal flora and
water chemistry of the fourteen New Hampshire sites were analyzed in detail. All sites protected
by the Nature Conservancy were sampled with permission from the New Hampshire chapter of
The Nature Conservancy.
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Figure 2. A map of New Hampshire showing the locations of the 14 sites sampled in New
Hampshire and the 20 habitat types in New Hampshire. Six wetlands were sampled at Pillsbury
State Park. The habitat types were characterized by plant communities, geology, soils, and
hydrology are labelled on the map. Adapted from New Hampshire Habitat Land Cover 2020
[Map], by The New Hampshire Fish and Game Department, 2020, New Hampshire Fish and
Game (https://www.wildlife.state.nh.us/wildlife/wap-habitat-maps.html).
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Figure 3. Photographs taken at the sampled sites. A) Fourth Connecticut Lake in Pittsburg, New
Hampshire. Photograph by K. Fučíková, 2021. B) Casalis Pond in Peterborough, New
Hampshire. Photograph by K. Fučíková, 2021.
Sites in Northern New Hampshire
The sites sampled in northern New Hampshire were Fourth Connecticut Lake, East Inlet,
Lime Pond, and Hurlbert Swamp (Fig. 2).
Fourth Connecticut Lake is in Pittsburg, NH (Figs. 2 and 3). It is located further north
than the other sites, just south of the Canadian border, and is at an elevation of 2,670 ft (Fig. 2).
This lake is small, covering about 2.5 acres, and it has a maximum depth of only 5 ft. However,
the 410-mile-long Connecticut River begins from a brook flowing from Fourth Connecticut
Lake. The lake is a northern acidic mountain tarn (The Nature Conservancy, n.d.-b). A tarn is a
small lake that forms in a cirque of a glacier. Cirques are bowl-shaped depressions created by
glacial erosion in mountains. The water is cold and acidic, resulting in slow decomposition of
organic material. Along the edge of the lake, there is a bog mat with mosses, sedges, grasses,
leatherleaf (Chamaedaphne calyculata), buckbean (Menyanthes trifoliata), and the carnivorous
pitcher plants (Sarracenia purpurea) and sundews (Drosera) (The Nature Conservancy, n.d.-a).
Bladderwort (Utricularia) grows in the water. A forest of balsam fir (Abies balsamea), red
spruce (Picea rubens), white birch (Betula papyrifera), and American mountain ash (Sorbus
americana) stands around the water. The Fourth Connecticut Lake watershed and a large area of
the surrounding land are protected by The Nature Conservancy.
East Inlet Pond is also in Pittsburg, NH, about 4 miles south and 3 miles east of Fourth
Connecticut Lake (Fig. 2). It has a bog and peat bottom (The Nature Conservancy, n.d.-a). The
area of the pond is about 92 acres, and the surface elevation is 1,954 ft (New Hampshire Fish and
Game, n.d.). The pond is surrounded by the only remaining lowland virgin spruce-fir forest in
New Hampshire (The Nature Conservancy, n.d.-a). Rare plant species including the pitcher plant
(Sarracenia purpurea) are found along the edges of the water (The Nature Conservancy, n.d.-a).
East Inlet Pond and adjacent land are protected by The Nature Conservancy as a part of Norton
Pool Preserve. The samples in this study were collected from East Inlet access, a spot just off
East Inlet Rd. where boaters enter the water by the dam owned and maintained by NH Fish and
Game Department.
Lime Pond is in Columbia, NH (Fig. 2). It is a marl pond, which is a type of pond that is
spring-fed and has high concentrations of dissolved calcium (Nichols, 2015a). Calcium
carbonate precipitate mixes with clay to form marl at the bottom of the pond. The bedrock
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surrounding Lime Pond is limestone, and water from the parts of the watershed with limestone
bedrock carry calcium into Lime Pond. The water of marl ponds is often clear and oligotrophic
(Nichols, 2015a). The pH of most water bodies in New Hampshire is acidic to neutral, but marl
ponds have a higher, more alkaline pH. A high pH may reduce the availability of nutrients, and
as a result, few aquatic plants inhabit these ponds. Aquatic plants that inhabit Lime Pond include
northern arrowhead (Sagittaria cuneata), blunt-leaved pondweed (Potamogeton obtusifolius),
and peat moss (Sphagnum). Uncommon plants, such as brown bog sedge (Carex buxbaumii),
wild onion (Allium), and a variety of orchids are found on the shore of Lime Pond and Northern
white cedar trees surround the pond (The Nature Conservancy, n.d.-d). Calciphilic desmids are
described as a component of the characteristic plankton in marl lakes (Nichols, 2015a). The pond
and the surrounding land are protected by The Nature Conservancy as a part of Lime Pond
Preserve.
Hurlbert Swamp is in Stewartstown, NH (Fig. 2). It is a Northern white cedar peatland
swamp, consisting mostly of the Northern white cedar-balsam fir community (The Nature
Conservancy, n.d.-c). Northern white cedar swamps are minerotrophic swamps (Nichols, 2015b).
The swamp has hummock-hollow topography carpets of mosses and liverworts (The Nature
Conservancy, n.d.-c). In Northern white cedar swamps, the ground receives low levels of light
because of the closed canopy. The ground is shaded, cool, and moist, which is preferable for the
mosses and liverworts. Common wildflower species, including creeping snowberry (Gaultheria
hispidula) and goldenthread (Coptis trifolia), inhabit Hurlbert Swamp (The Nature Conservancy,
n.d.-c). Additionally, rare wildflowers and plants such as yellow lady’s slipper (Cypripedium
parviflorum), green-bracted orchids (Coeloglossum viride), and chestnut sedge (Carex castanea)
may also be found. The estimated age of the swamp is 10,000 years. Large mature northern
white cedars (Thuja occidentalis) grow in the swamp, indicating areas that could be old-growth
forest (The Nature Conservancy, n.d.-c). Hurlbert Swamp is protected by The Nature
Conservancy.
Sites at Pillsbury State Park in Southern New Hampshire
The sites that were sampled at Pillsbury State Park in southern New Hampshire were
North Pond, May Pond, Mill Pond, Bear Pond, the Trail Wetland, and Hedgehog Pond (Fig. 2).
May Pond is the largest of these ponds, at about 152 acres, followed by North Pond, with
an area of about 56 acres. Mill Pond is about 15 acres, and Bear Pond is slightly smaller than
Mill Pond. Hedgehog Pond is about 5 acres, and the Trail Wetland is about 1 acre. North Pond is
half a mile north of May Pond. Mill Pond is in located between North Pond and May Pond, and
Bear Pond is slightly east of North Pond. The Trail Wetland is located near Bear Pond.
Hedgehog Pond is about a mile south of May Pond.
Other Sites in Southern New Hampshire
The remaining sites that were sampled in southern New Hampshire, south of Pillsbury
State Park, were King Brook Reservoir, Osgood Pond, a pond at Casalis State Forest, and Grassy
Pond (Fig. 2).
King Brook Reservoir is near Wilton, NH, about 6 miles North of the Massachusetts
border, and it is located within Heald Tract (Fig. 2). It was constructed in the mid-twentieth
century as a flood control reservoir and it covers about 65 acres (Society for the Protection of
New Hampshire Wetlands, n.d.). Heald Tract is protected by the Society for the Protection of
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New Hampshire Forests. Historically, Heald Tract was used as farmland with apple orchards and
homesteads (Society for the Protection of New Hampshire Wetlands, n.d.).
Osgood Pond is an artificially constructed pond in Milford, NH (Fig. 2). The area of the
pond is about 24 acres. In 2017, a dredging project was completed on a portion of Osgood Pond
(Bender, 2019). The project was necessary because silt, sediments, and weeds had accumulated
in the pond and the pond could not be used for recreational fishing. A second phase of the
dredging project covering a larger area of the pond was proposed in 2019, when the average
depth of the pond was only 2 ft (Bender, 2019). The goal of the project was to restore deep water
habitat.
The pond at Casalis State Forest is in Peterborough, NH (Figs 2 and 3). It has an area of
about 10 acres. Grassy Pond is in Rindge, NH, about 4 miles west and 5 miles south of Casalis
State Forest, and it covers about 128 acres (New Hampshire Fish and Game, n.d.). Grassy Pond
is a popular site for recreational fishing and kayaking.
The Assumption Pond is a small pond on the campus of Assumption University in
Worcester, MA. Algae samples were collected from the pond and the desmid specimens
observed in the samples were recorded. However, Assumption Pond was excluded from further
analyses because the data collected from the site were limited. Conductivity and pH were not
measured at Assumption Pond, and the plants surrounding the pond were not documented.

Sample Collection
All sites were sampled during the summer of 2021. Samples were collected from 1-4
different spots at each wetland. At most sites, plankton samples were obtained using a 10 μm
Wildco mesh plankton net at spots along the shore. The water collected by the plankton net was
transferred to a small zip lock plastic bag. Water from vegetation near the shore, including moss
and algae, was squeezed into the sample bag. Pieces of vegetation from the water were added to
samples whenever possible. The purpose of collecting samples from the open water and from the
vegetation was to assess both the planktonic and periphytic desmid communities. For a few of
the sites, samples were collected without the plankton net, because the water was shallow, and it
was not possible to tow the plankton net. The samples at these sites were collected by squeezing
water from vegetation into a plastic bag. Samples were kept in a cooler while travelling. The
plants observed in the water and on the bank were recorded at each spot that was sampled.
King Brook Reservoir, Osgood Pond, Casalis State Forest, and Grassy Pond were
sampled on June 1, 2021. Three samples were collected at King Brook Reservoir. The first
sample was collected from near a dam, the second sample from along a trail, and the third
sample from a spot marked by abundant lily pads. Two samples were collected at Osgood Pond.
One sample was collected from a fishing pier, which was in a shaded cove, and the other sample
was collected from a dam that was open and sunny. One sample was collected from the pond at
Casalis State Forest. The sample was collected from an outlet at the pond along a dirt trail. Two
samples were collected from Grassy Pond, one from a shaded spot and one from a sunny and
open spot. The bottom of the pond was sand at the spots sampled. The samples were collected
from a section of the shore that was lined by a dirt road.
Mill Pond, North Pond, a small wetland near Bear Pond Trail, Bear Pond, May Pond, and
Hedgehog Pond were sampled on June 8, 2021, at Pillsbury State Park. Two samples were
collected from Mill Pond. The second sample was collected from an open spot where the bottom
of the pond was sandy, and the water level was low. Three samples were collected at North
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Pond. The first sample was collected near an outlet of the pond, where the water was moving
more rapidly than in other parts of the pond. One sample was collected from the wetland near
Bear Pond Trail. This site is referred to as the Trail Wetland. The sample from the Trail Wetland
was collected without a plankton net because the water at the site was shallow. One sample was
collected from Bear Pond. Two samples were collected from May Pond. One sample was
collected from Hedgehog Pond.
Fourth Connecticut Lake and East Inlet were sampled on July 7, 2021. Four samples were
collected from Fourth Connecticut Lake. One sample was collected from East Inlet. Hurlbert
Swamp and Lime Pond were sampled on July 8, 2021. Two samples were collected at Hurlbert
Swamp. The first sample was collected from a shady wooded area, and the second sample was
collected from a more open area. Both samples from Hurlbert Swamp were collected without a
plankton net, because the water was shallow. Two samples were collected from Lime Pond.

Water Chemistry Measurements
pH was measured for every site and conductivity was measured for every site except
Hedgehog Pond and the Assumption Pond. At the first four sites sampled (King Brook
Reservoir, Osgood Pond, Grassy Pond, and Casalis State Forest), pH was measured during the
time of the sample collection, at the various spots from which samples were collected at a site,
and pH and conductivity were later measured in the lab. During sample collection, a plastic bag
was filled with water from the site and the pH and conductivity of this water was measured in the
lab. The pH of each of the four sites is the average of the pH measurements recorded at each spot
sampled at the site and the one pH measurement recorded in the lab. The conductivity of the four
sites is the conductivity measurement recorded in the lab. At the remaining sites, pH and
conductivity were measured during the time of sample collection at each spot sampled at the site.
The pH at these sites is the average of the pH measurements recorded at the spots sampled at the
sites, and the conductivity is the average of the conductivity measurements recorded at the spots
sampled at the sites. For measurements taken at the sites, the conductivity was measured with a
conductivity meter and the pH was measured with Hydrion pH strips. In the lab, a conductivity
meter and a pH meter were used to measure conductivity and pH. Plankton samples and water
samples were stored in a refrigerator in the lab.

Wetland Measurements
The Google Maps measuring tool was used to find the shoreline length, total area,
unvegetated open water area, and percent vegetation cover of each site (Fig. 4). Measurements
were conducted in the Google Maps satellite view. The shoreline length is the distance around
the edge of water. The total area of the site is the area that is reported by Google Maps based on
the circumference of the site that was marked to measure the shoreline length. The area of
vegetated water was determined by measuring the area of the site that was green or green-brown,
and the area of the unvegetated water was determined by measuring the area of the site that was
blue-black. Either vegetated or unvegetated area was measured for each site, depending on which
area was lower, and the measurement was subtracted from the total area of the site to calculate
the remaining area. The vegetated and unvegetated area was measured using satellite images that
were taken in the summer. Percent vegetation cover was calculated by dividing the vegetated
area by the total area of the site and multiplying by 100.
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Figure 4. Measuring the shoreline length, total area, and vegetated area of North Pond with the
Google Maps measuring tool. A) Measuring the total area and shoreline length of North Pond.
The shoreline length is the value with the units of km listed after “Total distance” and the total
area is the value with the units of m2 listed after “Total area” in the box outlined in blue. B-C)
Measuring the areas for two vegetated portions of North Pond. There were several smaller
vegetated portions of North Pond that are not included in this figure. The areas of all vegetated
portions of the pond were summed and divided by the total area shown in part A to calculate the
percent vegetation cover of the wetland.
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Figure 5. Google Maps satellite images of ponds with high and low percent vegetation cover. A)
The satellite image of Bear Pond. Bear Pond had a high percent vegatation cover. B) The satellite
image of Lime Pond. Lime Pond had a low percent vegetation cover.

Sample Processing
Samples were processed during the 2-3 weeks following each sample collection. The
desmids were observed using an AmScope microscope and were photographed using an
AmScope MU1000 digital camera and the accompanying AmScope software, at 1000x and
4000x magnification. A minimum of five slides were viewed for each sample. Additional slides
were viewed for the sample until no new taxa were being found, indicating that the diversity of
the sample had been adequately assessed. Scale bars were added to the photographs and the
photographs were cropped with the AmScope software. The photographs were uploaded to
iNaturalist with the location and date of collection for the sample in which the desmids were
found. The length and width of several specimens were measured with the AmScope software
and recorded in iNaturalist. iNaturalist is a free database to which anyone can upload
photographs of their observations of organisms in nature. Users upload photographs of the
organisms they observe with the time and location of the observation, along with additional notes
about the observation. The observations recorded by users are shared with the public and are
available to everyone who visits the iNaturalist website or app. iNaturalist users can suggest
identification for the observations of other users. Scientists or organizations may use iNaturalist
data for research.
The taxa of the desmid specimens were identified using the dichotomous keys, figures,
and descriptions in A Synopsis of North American Desmids (Prescott et al., 1972; Prescott et al.,
1975; Prescott et al., 1977; Prescott et al., 1981; Prescott et al., 1982). Specimens were also
compared to desmids that were previously identified in iNaturalist. All desmids were identified
to the genus level, and most were identified to the species level. Specimens that were not
identified to species were assigned to a group of specimens that were considered to be of the
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same unidentified species, and each unidentified species was assigned a number (ex. Closterium
1 would contain Closterium specimens that morphologically appeared to be of the same species,
but the species name was not identified). This allowed for the calculation of species richness
despite the lack of species-level identifications. The number of specimens of each species
observed at each site was recorded.

Data Analysis
The statistical analyses were performed in R (v4.2.1; R Core Team, 2021). The vegan
package in R was used to calculate diversity indices and Bray-Curtis dissimilarity (v2.5.7;
Oksanen et al, 2020). Quantile regression analysis was conducted with the quantreg package in R
(v5.88; Koenker, 2022). Maps of the distribution of iNaturalist observations in New England for
the genera Desmidium, Micrasterias and Xanthidium were created with the rinat package in R
(v2.5.7; Barve & Hart, 2021). R code and raw data were deposited in GitHub
(https://github.com/MollieMagner/New-England-Wetlands-Desmids-and-EnvironmentalConditions).
The diversity of the sites was quantified by species richness, Simpson’s D index of
diversity, and number of genera. Species richness is the number of different species at a site.
Simpson’s D index of diversity and the Shannon diversity index account for both the number of
species and the evenness of the species. Species evenness describes how equal the relative
abundances of different species are at a site (Clements, 2021). Relative abundance is the
abundance of the species divided by the abundance of the total abundance of all species at the
site. Simpson’s D index of diversity and the Shannon diversity index account for abundance, or
number of individuals, of each species. The formula for Simpson’s D index of diversity, D, is D
= 1 - Σpi2, where pi is the relative abundance of species i. D ranges from 0 to 1, and higher D
values signify higher diversity (Clements, 2021). Simpson’s D index of diversity predicts the
chances that the species selected in one random sampling is different from the species selected in
the previous random sampling. The formula for the Shannon diversity index is H = - Σ (pi)ln(pi),
where pi is the relative abundance of species i. H could be any value greater than or equal to 0,
and higher H values indicate higher diversity (University of Florida, n.d.). It is suggested that it
is easier to compare values of the Shannon diversity index than values of Simpson’s D index of
diversity because values of the Shannon diversity index are not limited to 1. The Shannon
diversity index is based on the uncertainty of predicting which species will be observed in a
random sample. If there is a low number of species, or a small number of species dominate, the
uncertainty of the predicting which species will be selected is low, and the Shannon diversity
index is low. As the number of species and the evenness of the species increases, the uncertainty
of predicting which species will be selected increases, and the Shannon diversity index increases.
Simpson’s D index of diversity is more dependent on the species evenness and less dependent on
species richness and rare species than the Shannon diversity index. Simpson’s D index of
diversity and the Shannon diversity index were calculated with the vegan package in R (v2.5.7;
Oksanen et al, 2020).
Number of genera could be important for understanding the diversity of a site, because it
suggests how closely related the species at a site are. Two sites may have the same number of
species, but one site could have species belonging to one genus while the other site has species of
several different genera. The diversity of the two sites would be different. Assessing diversity on
the level of genera is common in literature and alleviates some of the taxonomic uncertainty
associated with identifying microorganisms to species level.
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Correlation and regression analysis were performed in base R to analyze the relationship
between species richness, number of genera, Simpson’s D index of diversity, and the Shannon
diversity index at each site and the conductivity, shoreline length, total area, unvegetated open
water area, and percent vegetation cover of the sites. A correlation coefficient and regression line
slope were calculated with the corresponding p values for each relationship. The correlation
coefficients measure the strength and direction of the relationship between two variables.
Variables are not assigned to be independent or dependent. The values of a correlation
coefficient range from -1 to 1. The sign of the correlation coefficient represents the direction of
the relationship between two variables, and the magnitude of the correlation coefficient
represents the strength of the relationship. Regression uses an equation to describe how changes
in an independent (predictor) variable cause changes in a dependent (response) variable.
Before performing the regression analysis, the normality of the data was tested. First, the
distribution of the data was examined with histograms of the variables that would be analyzed.
The Shapiro-Wilk test for normality was then performed on the data in R (v4.2.1; R Core Team,
1

2021). The equation for the Shapiro-Wilk test is 𝑦 = 𝜎√ 2𝜋 𝑒

(𝑥−µ)2
2𝜎2

. If the p-value for the test is

significant, the distribution of the data is significantly different from a normal distribution
According to the histograms and the Shapiro-Wilk test, several of the variables were not
normally distributed. Pearson correlation is a parametric test that measures the strength and
direction of a linear relationship between the two variables. It is one of the most common
correlation analyses. However, Pearson correlation assumes that the data are normally
distributed. Spearman correlation is a non-parametric, rank-based alternative to Pearson
correlation that does not require normal distribution of the data (Schober et al., 2018). This test
assumes that the relationship between the variables is monotonic, but not necessarily linear. A
monotonic relationship between variables means that as one variable increases, the other variable
either increases or decreases. The rate of change of one variable relative to the other variable is
not always constant in a monotonic relationship, unlike in a linear relationship. Linear
relationships are one type of monotonic relationship.
The data in this study were not normally distributed, so Spearman correlation was used to
calculate the Spearman correlation coefficient (ρ) and the corresponding p value in R (v4.2.1; R
Core Team, 2021). The Spearman correlation coefficient is calculated from the ranks of the
values of the variables rather than their actual values. One result of this is that Spearman
correlation is less sensitive to outliers than Pearson correlation. Ranks are assigned to the values
of each variable. The ranking assigns 1 to the highest value of a variable, 2 to the second highest
value, 3 to the third highest value and so forth. Values that are tied for a rank are given a half
rank and the numbers above and below the half rank are not assigned. If there are two equal
values that are tied for the third rank, they would receive a rank of 3.5, and the numbers 3 and 4
would not be assigned to any values. After ranking the values for both variables, the difference
between the ranks for each pair of values is calculated. The difference between the ranks for each
pair is called d. For example, when analyzing the relationship between conductivity and species
richness, the difference between the rank for conductivity and the rank for species richness at
each site would be calculated to find d. The differences between the ranks for the pairs of values
are squared, and the squares of the differences are summed. The equation for Spearman’s
6𝛴𝑑2

correlation coefficient is ρ = (𝑛3 −𝑛) , where d is the difference between the ranks for each pair of
values, Σd2 is the sum of the squared differences between the ranks of the pairs of values, and n
is the number of pairs of data (Royal Geography Society, n.d.). ρ ranges from -1 to 1, where -1 is
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a perfect negative correlation and 1 is a perfect positive correlation, and the strength of the
correlation increases from 0 to -1 or 1.
Linear regression is a common regression analysis that fits a linear equation to the
relationship between variables. It calculates the linear equation that best fits the relationship by
finding the line that minimizes the mean squared error. Mean squared error is the mean of the
squared distance between the actual data points and the points on the regression line. The
distance is the difference between the y coordinate value of the actual data point and the y
coordinate value of the regression line at the same x coordinate. This distances between the
actual data points and the points along the regression line represent the errors, so by minimizing
the average squared distance, the error is minimized. Linear regression assumes that the errors,
which are also called the residuals, are normally distributed. The residuals were not normally
distributed for this data. If the residuals are not normally distributed, quantile regression can be
used instead of linear regression (Dye, 2020; John, 2009; Nguyen, n.d.; Stata, n.d.). When data is
normally distributed, the mean is the best measure of the central tendency, but when the data is
not normally distributed, the median is the best measure of the central tendency. Quantile
regression is similar to linear regression, but it minimizes the median absolute deviation rather
than the mean squared error in order to calculate the linear equation that best fits the relationship
between the variables (Dye, 2020; Stata, n.d.). The median absolute deviation is the median of
the absolute values for the differences between the y coordinate values of the actual data points
and the y coordinate values of the points on the regression line at the same x coordinates. The
quantreg package in R was used to perform quantile regression analyses for relationships
between the diversity measures and the environmental conditions (v5.88; Koenker, 2022).
Scatterplots of the relationships between the diversity measures and the environmental factors
were produced in R, and the regression lines from the quantile regression analyses were added to
the plots (v4.2.1; R Core Team, 2021).
The similarity of the desmid community composition between sites was analyzed with a
cluster analysis based on Jaccard distance for the desmid species presence-absence data and
Bray-Curtis dissimilarity for the relative abundances of desmid species and genera. R was used
to calculate Jaccard distance and the Bray-Curtis dissimilarity between sites (v4.2.1; R Core
Team, 2021). The Bray-Curtis dissimilarity was calculated with the vegan package in R (v2.5.7;
Oksanen et al., 2020). Similarity indices are either qualitative or quantitative and symmetrical or
asymmetrical. A qualitative similarity index is calculated with presence-absence data, while a
quantitative similarity index is calculated with abundance data. In some data sets, the “double
zero” problem will occur (Zelený, 2022a). A “double zero” is when a particular species is absent
in both sites that are being compared by a similarity index. For symmetrical similarity indices, a
“double zero” contributes to the calculated similarity between the sites. The double zero, 0-0, at
two sites, is considered equivalent to a double presence, 1-1. Asymmetrical similarity indices
ignore double zeros. The taxa for which there are double zeros are not included in the calculation
of asymmetrical similarity indices, so they would not increase the similarity between sites.
Species composition data should be analyzed with asymmetrical similarity indices (Zelený,
2022a). If double zeros are included in similarity calculations based on abundance, sites that are
do not share any species could have a higher similarity than sites that share more species but
have greater differences in species abundances. The double zero problem is relevant to this study
because there were several taxa that were absent at most sites, and this would cause double zeros
when pairs of sites were compared. Distance indices can be calculated from similarity indices by
subtracting the similarity indices from 1. The Jaccard distance is equal to 1-Jaccard index, and
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the Bray-Curtis dissimilarity is 1-Bray-Curtis similarity. The Jaccard index is a qualitative
asymmetrical similarity index and Bray-Curtis similarity is a quantitative asymmetrical similarity
index. The Jaccard index of similarity calculates how similar two sites are to each other using
species presence-absence data. The formula for the Jaccard index of similarity is Jaccard = J /
(A+B-J), where J is the number of species that are common to the two sites, A is the total
number of species at the first site, and B is the total number of species at the second site
(Gardener, 2017). Index values range from 0 to 1, and higher index values represent greater
similarity between the sites. The Jaccard distance between the sites is calculated by subtracting
the Jaccard index of similarity from 1, and it represents the difference between sites according to
the species presence and absence data. Higher Jaccard distance values indicate a greater
difference in the species present at the sites, and a Jaccard distance of 1 would indicate that the
sites do not share any species. Lower Jaccard distance values signify that the difference in the
species present at the sites is smaller, and a Jaccard distance of 0 would mean that sites share all
species. Bray-Curtis dissimilarity assesses the difference between sites from the taxa
abundances.
The formula for Bray-Curtis dissimilarity is BCd = (Σ |xi – xj|)/(Σ xi + xj), where xi is the
abundance of species x at site i, and xj is the abundance of species x at site j (Gardener, 2017).
BCd could be any value from 0 to 1. A BCd value closer to 1 indicates a greater difference
between the taxa abundances at the sites. Bray-Curtis dissimilarity is typically calculated from
raw abundance data, which are absolute counts, but it can also be calculated with relative
abundances. When raw counts are used to calculate the Bray-Curtis dissimilarity, one assumption
is that the samples are taken from equal areas or volumes. If the sampled area or volume were
not equal, the difference in abundances among sites could be caused by differences in sampling
effort rather than differences in the sites. Relative abundance represents the proportion of the
total abundance that is composed of a certain taxon. Although the number of individuals of each
taxon may increase if the sampled area or volume increases, the relative abundance of the taxa
would not increase because the abundances of each taxon should increase in proportion to one
another. In this study, an equal volume of water was not sampled from each site, so the relative
abundances were used to calculate Bray-Curtis dissimilarity. The Bray-Curtis dissimilarity was
calculated with the relative abundances of species and the relative abundances of genera at the
sites to examine the similarity of the species and genera compositions of desmid communities
between sites.
Dendrograms depicting the similarity between various sites were constructed from
Jaccard distance and Bray-Curtis dissimilarity matrices to visualize the relations between sites.
Cluster analyses were performed in R with the Jaccard distance and Bray-Curtis dissimilarity
matrices (v4.2.1; R Core Team, 2021). The dendrograms were created in R from the cluster
analyses (v4.2.1; R Core Team, 2021). A dendrogram is a diagram that depicts the relationship
between sites based on indices of similarity or dissimilarity. It is produced from the results of
hierarchical clustering methods. Hierarchical clustering groups the sites into clusters according to
the Jaccard distance or Bray-Curtis dissimilarity values. Clusters contain sites that are more
similar to each other than they are to the sites outside of the cluster. The hierarchical clustering
maximizes the similarity within cluster and maximizes the difference among clusters. A
dendrogram is plotted with the results of hierarchical clustering. Branches of a dendrogram are
clusters. The arrangement of the clusters shows which sites are most similar to each other. The
height of the crossbar that joins two sites, or the branch point, is the dissimilarity between the
sites, and greater heights indicate greater dissimilarities. Sites in a cluster are more similar to
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each other than they are to other sites, and the sites in clusters that join at lower heights are more
similar to each other than sites in clusters that join at greater heights.
Canonical correspondence analysis (CCA) was performed to analyze the relationship
between the abundances of desmid species, the sites, and the environmental variables. The vegan
package in R was used to conduct the canonical correspondence analyses and create CCA
ordination diagrams to visualize the results (v2.5.7; Oksanen et al, 2020). The indices of
dissimilarity and the dendrogram provide a limited representation of the data. Indices of
similarity or dissimilarity and cluster analyses show the relations between the community
composition of different sites, but information about the environmental conditions and individual
species or genera is absent in the results (Palmer, n.d.). The CCA ordination diagram contains
information about the relationships among species or genera, sites, and environmental variables.
Canonical correspondence analysis is a form of multivariate analysis called ordination
analysis (Zelený, 2022b). A multivariate analysis examines the relationship between three or
more variables. Ordination analyses position, or order, species and sites along gradients (Palmer,
n.d.). Sites and species may be arranged along gradients of environmental conditions.
Multivariate data is located in multidimensional space, because there are more than two variables
and therefore there must be axes in greater than two dimensions (Zelený, 2022b). The
dimensions of this space would be the explanatory variables of the data, or the variables that give
rise to the variation among sites. For species composition data of sites, axes could represent the
abundance of each species, and the coordinates of a site in the multidimensional space would be
determined by the abundance of each species at the site. If environmental data is present, each
axis would represent a different environmental variable. The species could be plotted in the
multidimensional space according to the values of the environmental variables at which each
species was observed. The purpose of ordination analyses is to reduce the number of dimensions
or axes while preserving the greatest possible amount of information about the points. It is
assumed that the data include more variables than are necessary to represent the differences
among the points being plotted. In ecological studies, there are often many possible factors that
affect community composition, but only a few of these factors are important and explain most of
the variation in community composition. Ordination analysis assists in identifying the important
factors.
It is also necessary to reduce the number of dimensions in order to more easily visualize
and interpret the data. An ordination analysis finds gradients along which the variation or
dissimilarity among the points is maximized, or the gradients that explain the greatest amount of
variation among the points. The gradients represent a combination of multiple dimensions. For
example, for a multidimensional plot on which the axes are environmental variables and the
species are the points, an ordination analysis could search for the directions or gradients along
the axes that represent the greatest variation among the species points. Multiple environmental
variables could contribute to the directions of greatest variation. The gradients become the
ordination axes. The first ordination axis, which would be the x axis on the ordination diagram,
is the axis that gives rise to the greatest variation among the points. The second axis, on the y
axis, generates the second highest variation among points. As the number or order of the axis
increases, the variation of the points along the axis decreases. A gradient produced by ordination
analysis is synthetic because it is combinations of multiple variables and does not itself represent
a variable that actually exists.
ter Braak and Verdonschot (1995) describe the purpose, theory, and interpretation of
canonical correspondence analysis. Canonical correspondence analysis allows ecologists to
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determine how multiple species in set of data respond to environmental factors and identify the
environmental factors that influence community composition. It has been used in the aquatic
sciences to study a variety of organisms including phytoplankton. CCA is more suitable for
ecological data than some other multivariate analyses because certain characteristics differentiate
ecological data from other multivariate data. One characteristic of ecological data is that most
species are only present in a portion of the samples and are absent in several samples. As a result,
ecological data is similar to incidence or presence-absence data even if the abundances of the
species are recorded. The other important characteristic of ecological data is that the relationship
between environmental variables and species occurrence or abundance is usually unimodal rather
than of linear or monotonic. Data with a unimodal distribution has one peak. The authors state
that because of these two characteristics, CCA is suitable for ecological data while traditional
linear-based multivariate methods cannot be used for ecological data.
Shelford’s Law of Tolerance explains why species occurrence and abundance is
unimodal. For each species, there is an optimum range of an environmental factor within which
the species thrives and the occurrence or abundance of the species is highest (ter Braak &
Verdonschot, 1995). The occurrence and abundance of the species will decrease if the value of
the environmental condition is above or below the optimum values. When the environmental
conditions are beyond certain values, the species will not occur. For example, the abundance of a
species would be highest within a defined range of conductivity levels. At conductivity levels
above or below this range, the abundance of the species will decrease, and when the conductivity
is above or below certain values, the species will not occur. The response curve of a species to an
environmental factor could be symmetrical, which means that the abundance of the species
decreases at the same rate on either side of the optimum value of the environmental variable, but
the response curve is not always symmetrical. The niche of a species is the range of
environmental conditions in which a species occurs, and it is determined by the ranges of each
individual environmental factors in which the species occurs. If species have different preferred
ranges of environmental variables, the species composition of a community will change along
environmental gradients based on the unimodal functions of the species.
Canonical correspondence analysis calculates the weighted average of each
environmental variable for every species (ter Braak & Verdonschot, 1995). The weighted
average of an environmental variable for a species is the average of the values for the given
environmental variable at the sites where the species occurs, weighted according to the relative
abundance of the species across all sites. The formula for the weighted average of an
𝑛

environmental variable for species k is 𝑢𝑘 = ∑

𝑦𝑖𝑘

𝑖=1 𝑦+𝑘

𝑥𝑖 , where yik is the abundance of species

k at site i, y+k is the total abundance of species k across all sites, xi is the value of the
environmental variable x at site i, and uk is the weighted average of species k with respect to the
environmental variable x. The weighted average of an environmental variable for a species
represents the optimum values of the environmental variable for the species. A weighted average
of each environmental variable is calculated for the species. The weighted averages of the
environmental variables for a species together represent the niche of the species. If the response
curve of the species to the environmental variables is symmetrical, the weighted averages
estimate the optimum environmental conditions for the species. The species are located in a
multidimensional space where the dimensions are the environmental variables and the points are
the niches of the species. Niches of the species would be plotted in this multidimensional space
based on the weighted averages of the species for each environmental variable. The points that
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represent the weighted averages of the species for all environmental variables (niches) are called
the species centroids. CCA searches for synthetic gradients that maximize the separation among
the niches of the species, where niche separation is a measure of the weighted variance of species
centroids. The synthetic gradients are linear combinations of the environmental variables. A
synthetic gradient that maximizes the separation among species centroids explains the greatest
possible amount of variation among the species centroids. The linear combinations of the
environmental variables that maximize the niche separation are the ordination axes. Multiple
axes are formed from linear combinations of the environmental variables. The first axis achieves
the greatest amount of niche separation. As the axis number increases, the amount of niche
separation achieved by the axis decreases. Each axis must be uncorrelated with all other axes.
Canonical correspondence analysis involves regression analysis, because it uses explanatory
variables, which are the linear combinations of the environmental variables, to explain response
variables, which are the occurrences or abundances of species.
Environmental variables are displayed as arrows that represent the correlation of the
environmental variables with the ordination axes (ter Braak & Verdonschot, 1995). Arrows can
be extended in both directions. The coordinates of the arrowhead are the correlations of the
environmental variable with each of the ordination axes. The direction of an arrow points in the
direction of maximum change in the environmental variable, and the length of the arrow is
proportional to the maximum rate of change. Environmental variables with longer arrows are
more important than environmental variables with shorter arrows. One reason for this is that the
length of the arrows indicates the correlation of the variables with the axes. Additionally, the
length of an arrow indicates the maximum rate of change of the variables. An environmental
variable with a shorter arrow does not vary as significantly across the ordination diagram as an
environmental variable with a longer arrow. The angle between the arrows of two environmental
variables indicate the sign of the correlation coefficient between the variables. If the angle
between the arrows of the variables is acute, the correlation coefficient is positive, and if the
angle between the arrows of the variables is obtuse, the correlation coefficient is negative.
Species and site points can be projected onto the arrows to determine the value of the
environmental variable corresponding to the species or the site (ter Braak & Verdonschot, 1995).
A line is drawn perpendicular to the point of a species or site to the arrow for an environmental
variable. For species, the point at which the perpendicular line intersects the arrow of the
environmental variable, the endpoint of the perpendicular line, represents the weighted average
of the species for the given environmental variable. When a line is drawn perpendicularly from
site points to an arrow, the endpoint, where the point at which the perpendicular line intersects
the arrow provides an estimate of the environmental variable at the site. The values of the
environmental variables for different species and sites can be compared based on the positions of
the species and site points relative to the arrows. Sites that are inhabited by a particular species
are located around the point of the species, because species are the centroids of the sites at which
they are present. Species that are closer together on the ordination diagram are more similar to
one another in their distribution across the sites than species that are further apart. The origin is
the mean of the environmental variables. This means that if the endpoint of a perpendicular line
drawn from a species point to an arrow is on the same side of the origin as the head of the arrow,
the weighted average of the species for the environmental variable represented by the arrow is
higher than average. If the endpoint of the species is on the opposite side of the origin from the
head of the arrow, the weighted average of the species for the environmental variable represented
by the arrow is lower than average.
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In this study, CCA was performed with species abundance data and pH, conductivity,
shoreline length, total area, unvegetated open water area, and percent vegetation cover were used
as the explanatory variables. In addition, a separate CCA was performed with genus-level
relative abundance data as well.
The desmid species found at the sites were compared to the Red List of desmid species
for the Netherlands to identify which Red List species were present. The Red List of desmid
species for the Netherlands is published in the book Sieralgen en Natuurwaarden by Peter
Coesel (Coesel, 1998).
The plants communities observed at sites were characterized as rare, native, or invasive.
Botanists have assigned an ecological coefficient of conservatism (CoC) to every plant species in
the Northeast (New England Interstate Water Pollution Control Commission, n.d.). The
ecological coefficient of conservatism is a number between 0 and 10 that represents how the
species responds to stressors. Native plant species with a narrow ecological range and high
sensitivity to human disturbances would receive a high CoC value between 7 and 10. Plant
species that are expected to live in degraded habitats would receive a low C value between 1 and
3. Non-native invasive species receive a CoC value of 0. The CoC values are necessary for
conducting the Floristic Quality Assessment, which is a method for evaluating the quality of a
site based on which plant species are present (New England Interstate Water Pollution Control
Commission, n.d.). In this study, a list of plant species in New Hampshire with their assigned
CoC values was consulted to better understand the sensitivity of the plants found at the sampled
sites.
Jennifer Call (’22), another student at Assumption University, and the author worked
together to collect and process the samples and to conduct a preliminary analysis of the data.
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Results
A total of 243 desmid species belonging to 23 genera were observed across the 15 studied
sites. Cosmarium was the genus with the highest number of observations (263 observations) and
was present at 13 of the 15 sites. The genus that was present at the greatest number of sites was
Euastrum, which was found at all 14 New Hampshire sites. Euastrum had the second highest
number of observations (202 observations). Closterium had the third highest number of
observations (175 observations) and was present at 13 of 15 sites. Staurastrum had the fourth
highest number of observations (133 observations) and was present at 13 of 15 sites. There were
fewer than 75 observations recorded for each of the remaining genera. The species that was
present at the highest number of sites was Euastrum denticulatum, which was observed at 11 of
15 sites.
The species richness, number of genera, Simpson’s diversity index, and Shannon
diversity index of the 15 studied sites are listed in Table 1. The site with the highest species
richness (109), number of genera (18), Simpson’s diversity index (0.982), and Shannon diversity
index (4.304) was Fourth Connecticut Lake. North Pond had the second highest species richness
(76 species), Simpson’s diversity index (0.971), and Shannon diversity index (3.965), and the
third highest number of genera (16 genera). May Pond had the second highest number of genera
(17 genera), and the third highest species richness (64 species), Simpson’s diversity index
(0.965), and Shannon diversity index (3.767). The site with the lowest species richness, number
of genera, Simpson’s diversity index, and Shannon diversity index was the Assumption Pond.
Assumption Pond had 2 species, 2 genera, a Simpson’s diversity index of 0.500, and a Shannon
diversity index of 0.693. The site with the second lowest species richness, number of genera,
Simpson’s diversity index, and Shannon diversity index was Lime Pond. Lime Pond had 5
species, 3 genera, a Simpson’s diversity index of 0.642, and a Shannon diversity index of 1.303.
Species richness, number of genera, Simpson’s diversity index, and Shannon diversity index
provided similar results for which sites had the highest and lowest diversity.

Correlation and Regression Analyses
The pH at the sites ranged from 3.75-5.8. Fourth Connecticut Lake had the lowest pH and
Lime Pond had the highest pH. The Spearman rank correlation coefficients for the correlations
between the species richness, Simpson’s diversity index, and Shannon diversity index and the pH
of the sites were negative (Table 2). The correlation between the pH and the number of desmid
genera at the sites was negative, moderate, and statistically significant (r(12) = -0.56, p = .036).
The correlation coefficients and corresponding p-values show that the correlations between the
pH of the sites and desmid species richness, Simpson’s diversity index, and Shannon diversity
were weak and not statistically significant (.25 < r(12) < .50, p > .05). The relationship between
pH and the number of desmid genera observed at the sites was negative and statistically
significant according to the rank regression coefficient and corresponding p-value (β = -.5664, p
= .036). This indicates that the pH of the sites significantly predicted the number of desmid
genera observed at the sites. The rank regression coefficients for the relationships between the
pH of the sites and the desmid species richness, Simpson’s diversity index, and Shannon
diversity index were negative but were not statistically significant (p > .05). The quantile
regression coefficients for the relationships between pH and desmid species richness, number of
genera, Simpson’s diversity index, and Shannon diversity index were also negative but not
statistically significant (p > .05). The small sample size and the narrow range of pH values at the
sites may have limited the statistical significance of the Spearman correlation coefficients and
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regression coefficients. Figure 6 shows the relationship between pH and desmid species richness,
and Figure 7 shows the relationship between pH and number of desmid genera.
The conductivity at the sites ranged from 4 µS-177 µS. East Inlet had the lowest
conductivity and Lime Pond had the highest conductivity. The Spearman rank correlation
coefficients for the correlations between the conductivity of the sites and the desmid species
richness, number of genera, Simpson’s diversity index, and Shannon diversity index of the
desmid communities observed at the sites were negative (Table 3). However, according to the
correlation coefficients and corresponding p-values the correlations between each of the four
measures of diversity and conductivity were weak and not statistically significant (.25 < r(11) <
.50, p > .05). The rank regression coefficients for the relationships between conductivity and
desmid species richness, number of genera, Simpson’s diversity index, and Shannon diversity
index were negative but not statistically significant (p > .05). Similarly, quantile regression
coefficients for the relationships between conductivity and desmid species richness, number of
genera, Simpson’s diversity index, and Shannon diversity index were negative but not
statistically significant (p > .05). The small sample size and the low number of samples with high
conductivity values may have limited the statistical significance of the Spearman correlation
coefficient and the regression coefficients. Figure 8 shows the relationship between conductivity
and desmid species richness and Figure 9 shows the relationship between conductivity and
number of desmid genera.
The correlations between the shoreline length, total wetland area, unvegetated open water
area, and percent vegetation cover of the sites and the desmid species richness, number of
genera, Simpson’s diversity index, and Shannon diversity index were weak and not statistically
significant according to the Spearman correlation coefficients and corresponding p-values
(Tables 4-7). The quantile regression coefficients and rank regression coefficients for the
relationships between the shoreline length, total wetland area, unvegetated open water area, and
percent vegetation cover of the sites and the desmid species richness, number of genera,
Simpson’s diversity index, and Shannon diversity index were not statistically significant (Tables
4-7). f

Cluster Analysis with Jaccard Distance and Bray-Curtis Dissimilarity
Jaccard distance values represent the dissimilarity between sites and is calculated from
the desmid species presence-absence data. Pairs of sites with a lower Jaccard distance value,
closer to 0, are more similar to one another according to the presence and absence of desmid
species than pairs of sites with a higher Jaccard distance value, closer to 1. The relations between
the sites based on Jaccard distance are illustrated by the dendrogram in Figure 10. The Jaccard
distance values ranged from 0.552-1.000. Based on the Jaccard distance calculations, Bear Pond
and Trail wetland had the greatest similarity (Jaccard distance = .522). Aside from the Jaccard
distance between Bear Pond and Trail Wetland, the Jaccard distances for the pairs of sites
exceeded 0.700, and the Jaccard distance for several pairs of sites was above 0.900. This could
indicate that the desmid species composition varied greatly by site. North Pond and May Pond
had the second highest similarity (Jaccard distance = .704). Hurlbert Swamp was most similar to
Bear Pond and Trail Wetland, and the Jaccard distance calculations were relatively low for
Hurlbert Swamp with Bear Pond (Jaccard distance = .757) and Hurlbert Swamp with the Trail
wetland (Jaccard distance = 0.727). The cluster dendrogram shows a cluster of sites including
Bear Pond, Trail Wetland, Hurlbert Swamp, and Hedgehog Pond, and this cluster was more
dissimilar to the other sites than the other sites were to one another (Fig. 10). King Brook
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Reservoir was the most similar to Casalis Pond (Jaccard distance = 0.719). Fourth Connecticut
Lake was the most similar to North Pond (Jaccard distance = .791). East Inlet and Grassy Pond
were the most similar to one another (Jaccard distance = .833). The individual site that was most
dissimilar compared to other sites was Lime Pond. The dissimilarity between Osgood Pond and
other sites was also high.
Bray-Curtis dissimilarity values were calculated from the relative abundance of desmid
species and genera. The Bray-Curtis dissimilarity values calculated from the relative abundance
of desmid species represent the differences between the desmid community composition of the
sites based on their species relative abundances. Pairs of sites with a lower Bray-Curtis
dissimilarity value, closer to 0, are more similar to one another according to the relative
abundance of desmid species than pairs of sites with a higher Bray-Curtis dissimilarity value,
closer to 1. The relation between the sites according to Bray-Curtis dissimilarity with species
relative abundances are shown by the dendrogram in Figure 11. The Bray-Curtis dissimilarity for
the relative abundances of species ranged from 0.467-1.000. Bear Pond and Trail Wetland had
the greatest similarity according to the Bray-Curtis dissimilarity calculations with the relative
abundances of species (Bray-Curtis dissimilarity = .467). Hurlbert Swamp was similar to
Hedgehog Pond, (Bray-Curtis = .622), Bear Pond (Bray-Curtis = .717) and Trail Wetland (BrayCurtis = .671). Based on the cluster dendrogram, a cluster of sites including Bear Pond, Trail
Wetland, Hedgehog Pond, and Hurlbert Swamp was more dissimilar to the other sites than the
other sites were to one another (Figure 11). King Brook Reservoir and Casalis Pond were most
similar to one another (species relative abundance Bray-Curtis = .667). North Pond and May
Pond were most similar to one another (Bray-Curtis = .671). Fourth Connecticut Lake was most
similar to North Pond (Bray-Curtis = .739). East Inlet and Grassy Pond were most similar to one
another (Bray-Curtis = .704). The individual site that was most dissimilar compared to other sites
was Lime Pond. The dissimilarity between Osgood Pond and other sites was also high. Results
for the relations between sites based on the Bray-Curtis dissimilarity values with species relative
abundances were similar to the results for the relations between sites based on the Jaccard
distance with species presence-absence.
The Bray-Curtis dissimilarity values calculated from the relative abundance of desmid
genera represent the differences between the desmid community composition of the sites based
on their genera relative abundances. The relations between sites based on the Bray-Curtis relative
abundances of desmid genera at the sites are illustrated by the dendrogram in Figure 12. BrayCurtis dissimilarity for the relative abundances of genera ranged from 0.257-0.870. Fourth
Connecticut Lake and North Pond had the greatest similarity based on the Bray-Curtis
dissimilarity calculations (genera relative abundance Bray-Curtis = .257). Osgood Pond, East
Inlet, and Grassy Pond form a cluster. East Inlet and Osgood Pond had the second highest
similarity (genera relative abundance Bray-Curtis = .275). Bear Pond was most similar to the
Trail Wetland (Bray-Curtis = .357). King Brook Reservoir and Casalis Pond were most similar
to one another (Bray-Curtis = .415). Bear Pond, Trail Wetland, Hurlbert Swamp, and Hedgehog
Pond form a cluster that is more dissimilar to the other sites than the other sites are to one
another. Lime Pond was most similar to May Pond (Bray-Curtis = .359).
The results for the relations between sites according to the Bray-Curtis dissimilarity with
genera relative abundance were similar to the results for the relations between sites based on the
Bray-Curtis dissimilarity with species relative abundance and Jaccard distance with species
presence-absence. Some pairs of sites located near one another had high similarity, such as Bear
Pond and the Trail Wetland, North Pond and May Pond, and King Brook Reservoir and Casalis
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Pond. One difference between Bray-Curtis dissimilarity with genera relative abundance and the
other analyses was the similarity between East Inlet and Osgood Pond. East Inlet was most
similar to Grassy Pond based on the Jaccard distance and Bray-Curtis dissimilarity with species
relative abundances. According to the Jaccard distance, Osgood Pond was more similar to
Casalis Pond and King Brook Reservoir than it was to East Inlet. Osgood Pond and East Inlet
had a similar relative abundance of Euastrum and Cosmarium. A further difference between the
results for the Bray-Curtis dissimilarity with genera relative abundance and the other analyses
was that North Pond was not most similar to May Pond, as it was with Jaccard distance and
Bray-Curtis dissimilarity with species abundances.

Canonical Correspondence Analysis
Canonical correspondence analysis was performed with desmid species relative
abundance data (Fig. 13). The explanatory variables were pH, conductivity, shoreline length,
total area, unvegetated open water area, and percent vegetation cover. The first ordination axis
(CCA1) was positively correlated with percent vegetation cover (biplot score = 0.527) and
strongly negatively correlated with conductivity (biplot score = -.859). CCA1was also weakly
correlated with pH (biplot score = -.309). The correlation between CCA1 and shoreline length,
total area, and unvegetated open water area was low. The second ordination axis (CCA2) was
positively correlated with pH (biplot score = .534) and weakly positively correlated with
conductivity (biplot score = .241). The correlation between CCA2 and shoreline length, total
area, and unvegetated open water area was low. Percent vegetation cover and conductivity were
negatively correlated with one another. The first ordination axis accounted for 14.25% of the
variance in the species relative abundance data, and the second ordination axis accounted for
9.977% of the variance in the species relative abundance data. ANOVA permutation test was
used to test the significance of the constrained ordination axes. The CCA ordination was not
statistically significant (999 permutations, F-ratio = 1.1508, p = .08).
Five desmid species were labelled in Figure 13 to show how the position of the species
relative to the arrows of the environmental variables provides information about the weighted
average of the species represented by the environmental variable. The weighted average of the
species for an environmental variable represents the is the average of the values for the given
environmental variable at the sites where the species occurs, weighted by the relative abundance
of the species across all sites. The ordination diagram shows that Closterium 2 and Cosmarium
47 were the species with the highest weighted average for conductivity (Fig. 13). If lines were
drawn lines drawn perpendicularly from the species points to the conductivity arrow, the lines
from Closterium 2 and Cosmarium 47 would intersect the conductivity arrow at higher
conductivity values than any other species. This means that the relative abundance of Closterium
2 and Cosmarium 47 could be high at sites with high conductivity. Cosmarium 47 was only
present at Lime Pond, so the relative abundance of Cosmarium 47 was highest at Lime Pond.
Lime Pond was the site with the highest conductivity. Closterium 2 also had the highest relative
abundance at Lime Pond and the second highest relative abundance at Grassy Pond. Grassy Pond
was the site with the third highest conductivity. However, Closterium 2 was also found at East
Inlet, which was the site with the lowest conductivity, and the presence of Closterium 2 at East
Inlet could be why the species point for Closterium 2 corresponds to a slightly lower
conductivity value than Cosmarium 47. Closterium 2 and Cosmarium 47 are located close to
Lime Pond on the diagram, which indicates the high relative abundances of the species at Lime
Pond. According to the diagram, Euastrum sinuosum could have a lower weighted average for
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pH than most other species, which could mean that they were found at sites with low pH.
Euastrum sinuosum was only observed at Fourth Connecticut Lake, so the relative abundance of
the species was highest at Fourth Connecticut Lake. Fourth Connecticut Lake was the site with
the lowest pH. Several other species that were only present at Fourth Connecticut Lake were
located at the same point as Euastrum sinuosum, but of the species only located at Fourth
Connecticut Lake, Euastrum sinuousum had the highest relative abundance. The ordination
diagram suggests that Cylindrocystis brebissonii, Tetmemorus laevis, and Micrasterias truncata
could have a high weighted average for percent vegetation cover relative to other species and
low weighted average for conductivity (Figure 13). The relative abundances of Tetmemorus
laevis and Micrasterias truncata were highest at Bear Pond and Trail Wetland (both located in
Pillsbury State Park). Bear Pond and Trail Wetland had the second and third highest values for
percent vegetation cover, with values of about 92%. Additionally, Bear Pond, and the Trail
Wetland had low conductivity values of 12 µS and 25 µS respectively. The relative abundance of
Cylindrocystis brebissonii was second highest at Trail Wetland and third highest at Bear Pond.
The relative abundance of Cylindrocystis brebissonii was highest at Hurlbert Swamp, and
Cylindrocystis brebissoni was the species with the highest relative abundance at Hurlbert
Swamp. The percent vegetation cover of Hurlbert Swamp was not measured, and therefore
Hurlbert Swamp was excluded from the analysis. However, because the site is a swamp, the
percent vegetation cover is high. Trail Wetland and Bear Pond had high relative abundances of
Cylindrocystis brebissonii.
Canonical correspondence analysis was also performed with genera relative abundance
data (Fig. 14) and the same explanatory variables as above. The first ordination axis (CCA1) was
positively correlated with percent vegetation cover (biplot score = .696). CCA1 was negatively
correlated with conductivity (biplot score = -.702), shoreline length (biplot score = -.525), total
area (biplot score = -.491), and unvegetated open water area (biplot score = -.4604). The
correlation between CCA1 and pH was low. The second ordination axis was negatively
correlated with pH (biplot score = -.601). The correlation between CCA2 and conductivity,
shoreline length, total area, unvegetated open water area, and percent vegetation cover was low.
Conductivity and percent vegetation cover were negatively correlated with one another.
Conductivity was positively correlated with total area and unvegetated open water area. Total
area was negatively correlated with percent vegetation cover. The first ordination axis accounted
for 22.35% of the variance in the genera relative abundance data and the second ordination axis
accounted for 10.53% of the variance in the genera relative abundance data. The CCA ordination
was not statistically significant based on the ANOVA test (999 permutations, F-ratio = .8642, p
= .692).
Five genera were labelled on Figure 14 to show how the position of the genera relative to
the arrows of the environmental variables provides information about the weighted average of
the species represented by the environmental variable. Based on the ordination diagram, the
genera Tetmemorus, Actinotaenium, Micrasterias, and Cylindrocystis could have a higher
weighted average for percent vegetation cover than the other genera (Fig. 14). The relative
abundances of the genera could be highest at sites with high percent vegetation cover. The
relative abundances of Tetmemorus, Actinotaenium, Micrasterias, and Cylindrocystis were
highest at Bear Pond and Trail Wetland. The Trail Wetland had the second highest percent
vegetation cover, and Bear Pond had the third highest vegetation cover. Cylindrocystis had the
highest relative abundance at Hurlbert Swamp and it was the genus with the highest relative
abundance at Hurlbert Swamp. The relative abundance of Cylindrocystis was about 10% at Bear
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Pond, 13% at the Trail Wetland, and 23% at Hurlbert Swamp, where the percent vegetation
cover was not measured, but is high because it is a swamp. According to the ordination diagram,
Tetmemorus, Actinotaenium, Micrasterias, and Cylindrocystis could have lower weighted
averages for conductivity, which would indicate that the relative abundances of the genera were
highest at sites with low conductivity. Bear Pond and the Trail wetland had low conductivity.
The ordination diagram shows that Pleurotaenium may have a lower weighted average for pH
than the other genera, and this could mean that the relative abundance of Pleurotaenium was
highest at sites with low pH (Figure 14). Pleurotaenium had the highest relative abundance at
Fourth Connecticut Lake and East Inlet. Fourth Connecticut Lake was the site with the lowest pH
and had a pH of 3.75, and East Inlet was the site with the second lowest pH and had a pH of 4.
There were similarities between the results of the CCA with species relative abundance
data and the CCA with genera relative abundance data. The most important environmental
variables in the first and second ordination axes for the CCA with genera relative abundance data
were the same as the most important variables in the first and second ordination axes for the
CCA with species relative abundance data. In both analyses, conductivity and percent vegetation
cover were the most important environmental variables in the first ordination axis, and pH was
the most important environmental variable in the second ordination axis. Additionally, both CCA
analyses suggest that percent vegetation cover was negatively correlated with conductivity and
that pH was positively correlated with conductivity. The species that were associated with high
percent vegetation cover based on the CCA with species relative abundance data (Cylindrocystis
brebissonii, Tetmemorus laevis, and Micrasterias truncata) belong to three of the genera that
were associated with high percent vegetation cover based on the CCA with genera relative
abundance data (Cylindrocystis, Tetmemorus, and Micrasterias).

Red List Species
The Red List from Coesel’s (Coesel, 1998) surveys from the Netherlands was used to
identify species that may be especially sensitive to environmental conditions. A total of 24 Red
List desmid species were observed across the studied sites. The presence and abundance of Red
List desmid species was highest at the sites with the highest species richness, number of genera,
and diversity indices. The site with the highest number of Red List species was Fourth
Connecticut Lake, where 15 Red List species were observed. Fourth Connecticut Lake had the
highest species richness, number of genera, and values for the diversity indices. North Pond, with
12 Red List species, and May Pond, with 8 Red List species, were the sites with the second and
third highest number of Red List species. Species richness, number of genera, and values of the
diversity indices were second highest at North Pond and third highest at May Pond. There were
no Red List species present at Osgood Pond, King Brook Reservoir, or the Trail Wetland.
Between 1-3 Red List species were found at the remaining sites. The Red List species observed
at the highest number of sites was Cosmarium ornatum, which was observed at 5 sites.
Micrasterias pinnatifida had the highest number of observations at a single site, with 7
observations at Fourth Connecticut Lake, and the Red List species Cosmarium ornatum had the
second highest number of observations at a single site, with 6 observations at Fourth Connecticut
Lake. The other Red List species had 5 or fewer observations at each site.
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Plant Observations
The plant communities observed at the sites were not included in the statistical analyses.
However, the plants observed at the sites were compared to the desmid communities and water
chemistry measurements of the sites. Osgood Pond had the second lowest number of desmid
genera (7 genera), the third lowest species richness (14 species), excluding Assumption Pond.
The conductivity at Osgood Pond was 119 µS, which was the second highest conductivity
measurement of the sites. The pH at Osgood Pond was 5.05. Osgood Pond was one of three sites
at which no Red List desmid species were observed. Plant taxa that are invasive or potentially
invasive in New Hampshire were observed along the shoreline at Osgood Pond, including black
swallow-wort (Cynanchum louiseae), knapweed (Centaurea), oriental bittersweet (Celastrus
orbiculatus), and multiflora rose (Rosa multiflora). Hawkweed (Hieracium) was observed, and
some species of hawkweed are invasive, but the species was not identified. The ecological
coefficient of conservatism for these plants is 0 (New England Interstate Water Pollution Control
Commission, 2013), which indicates that they are non-native and invasive. Other plants observed
at Osgood Pond, such as the buttonbush (Cephalanthus occidentalis), dogwood (Cornus), grape
(Vitis) have more intermediate tolerance levels according to their ecological coefficients of
conservatism, and although they could be found in stable communities, they also tolerate some
anthropogenic disturbance. Lime Pond had the lowest species richness (5 species), number of
genera (3 genera), Shannon diversity index (1.303), and Simpson’s diversity index (.642). The
conductivity at Lime Pond was 177 µS and the pH was 5.8, and Lime Pond had the highest
conductivity and pH of the sites. However, unlike Osgood Pond, Lime Pond was not inhabited
by invasive species. The plants recorded at Lime Pond were native plants with an intermediate
range of ecological tolerances, such as northern whitecedar (Thuja occidentalis), royal fern
(Osmunda regalis), and spikerush (Eleocharis) (New England Interstate Water Pollution Control
Commission, 2013). The Nature Conservancy website lists additional plants that inhabit Lime
Pond. The maidenhair fern (Adiantum pedatum) and wild onion (Allium) are native plants with a
narrow range of ecological tolerances that could be associated with stable communities. Lime
Pond is also inhabited by several types of orchids, such as bog orchid (Platanthera) (The Nature
Conservancy, n.d.-c)
Fourth Connecticut Lake had the highest desmid species richness (109 species), number
of genera (18 genera), Shannon diversity index (4.304), Simpson’s diversity index (.982), and
number of Red List desmid species (15 species). The conductivity and pH at Fourth Connecticut
Lake were low. Red spruce (Picea Rubens), yellow water lily (Nuphar), and alder (Alnus) were
recorded at Fourth Connecticut Lake. These plants are native and have an intermediate level of
ecological tolerance. Additionally, buckbean (Menyanthes trifoliata) was observed at Fourth
Connecticut Lake. The ecological coefficient of conservatism of buckbean is 8, which is
assigned to native plants that have narrow ecological tolerances and are associated with stable
communities (New England Interstate Water Pollution Control Commission, 2013). May Pond
had the third highest desmid species richness (64 species), Shannon diversity index (3.767), and
Simpson’s diversity Index (.965) and the second highest number of genera (17 genera). The
conductivity at May Pond was 51.5 µS and the pH was 5. The purple pitcherplant (Sarracenia
purpurea) was observed at May Pond, and the ecological coefficient of conservatism of the
purple pitcherplant is 8 (New England Interstate Water Pollution Control Commission, 2013).
Pitcher plants are carnivorous plants and they live in low nutrient conditions. Sundew (Drosera)
was observed at the Trail Wetland. The sundew is another native carnivorous plant that lives in
low nutrient habitats such as bogs. The Trail Wetland had a conductivity of 13 µS and a pH of 5.
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The sites at Pillsbury State Park, including North Pond, May Pond, Mill Pond, and Bear Pond
were inhabited by native plants, such as native maples (Acer), hemlock (Tsuga canadensis), pine
(Pinus), meadowsweet (Spiraea) and blueberries (Vaccinium) that have an intermediate tolerance
of anthropogenic disturbance.
King Brook Reservoir, Grassy Pond, and Casalis Pond had similar plant communities
with plants native plants that have intermediate tolerance levels, such as native maples (Acer),
pine (Pinus), and blueberries (Vaccinium). Grassy Pond and Casalis Pond were also inhabited by
some plants that have greater tolerance for anthropogenic disturbance and potentially invasive
plants such as hawkweed (Hieracium) and false buckthorn (Frangula alnus).
The vegetation at Hurlbert Swamp included Northern whitecedar (Thuja occidentalis),
tamarack (Larix), spruce (Picea), meadowsweet (Spiraea), ferns, dwarf dogwood (Cornus
canadensis), alder (Alnus), and joe pye weed (Eutrochium),
The most common plants growing in the water at all sites were water lilies (Nuphar and
Nymphaea), sedges (mainly members of the genus Carex in the family Cyperaceae, but also
including the threeway sedge, Dulichium arundinaceum), spike rushes (Eleocharis),
pickerelweed (Pontederia cordata), and grasses (family Poaceae). Bladderwort (Utricularia) was
observed at Grassy Pond.

iNaturalist Maps of Desmid Genera in New England
Figures 15-17 include maps of the distribution of iNaturalist observations for the desmid
genera Micrasterias, Desmidium, and Xanthidium in New England. Below the maps are
photographs of the genera from iNaturalist observations in New England. Several species within
each genus have been observed in New England, both as part of this project and by other
investigators and iNaturalist contributors.
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Figures and Tables

Figure 6. A scatterplot of the relationship between desmid species richness and pH at 14 New
Hampshire wetlands. A median regression line was fitted to the data and is displayed on the plot
(β = -7.7, p = .695).

Figure 7. A scatterplot of the relationship between the number of desmid genera and the pH at 14
New Hampshire wetlands. A median regression line was fitted to the data and is displayed on the
plot (β = -5 p = .08772).
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Figure 8. A scatterplot of the relationship between desmid species richness and conductivity at
13 New Hampshire wetlands. A median regression line was fitted to the data and is displayed on
the plot (β = -.15 p = .590).

Figure 9. A scatterplot of the relationship between the number of desmid genera and conductivity
at 13 New Hampshire wetlands. A median regression line was fitted to the data and is displayed
on the plot (β = -.03, p = .188).
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Figure 10. Cluster dendrogram showing the relations between 14 New Hampshire wetlands
based Jaccard’s distance values for pairs of sites. Jaccard’s distance was calculated with desmid
species presence-absence data.

Figure 11. Cluster dendrogram showing the relations between 14 New Hampshire wetlands
based on the Bray-Curtis dissimilarity for pairs of sites. For this dendrogram, Bray-Curtis
dissimilarity was calculated with desmid species relative abundance data.
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Figure 12. Cluster dendrogram showing the relations between 14 New Hampshire wetlands
based on the Bray-Curtis dissimilarity for pairs of sites. For this dendrogram, Bray-Curtis
dissimilarity was calculated with desmid genera relative abundance data.

Figure 13. Canonical correspondence analysis (CCA) based on the desmid species relative
abundance data of 12 New Hampshire wetlands. Hedgehog Pond and Hurlbert Swamp were
excluded from the analysis because the sites were each missing data for one environmental
variable. The ordination diagram displays the biplot arrows for the environmental variables, the
names of the sites, and the desmid species points. Desmid species are represented by the green
open circles. Four desmid species of interest are labelled with the species name and distinguished
by color. Three of the labelled species have not been identified to the species level.
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Figure 14. Canonical correspondence analysis (CCA) based on the desmid genera relative
abundance data of 12 New Hampshire wetlands. Hedgehog Pond and Hurlbert Swamp were
excluded from the analysis because the sites were each missing data for one environmental
variable. The ordination diagram displays the biplot arrows for the environmental variables, the
names of the sites, and the desmid genera points. Desmid genera are represented by the green
open circles. Five genus points are labelled to highlight genera of interest.
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Figure 15. A) Map illustrating the distribution of iNaturalist observations for the desmid genus
Micrasterias in New England. The map was produced using the rinat package in R (v2.5.7;
Barve & Hart, 2021). B) The species Micrasterias apiculata, observed in Bridgewater, MA.
Photograph by E. Norman, 2017, iNaturalist (https://www.inaturalist.org/observations/6534681)
C) The species Micrasterias furcata, observed in Ledyard, CT. Photograph by M. Nold, 2015,
iNaturalist (https://www.inaturalist.org/observations/87402511).
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Figure 16. A) Map illustrating the distribution of iNaturalist observations for the desmid genus
Desmidium in New England. The map was produced using the rinat package in R (v2.5.7; Barve
& Hart, 2021). Desmids in the genus Desmidium form filaments. B) The species Desmidium
asymmetricum, observed in Charlemont, MA. Photograph by K. Fučíková, 2019, iNaturalist
(https://www.inaturalist.org/observations/26671381) C) A Desmidium observed in Bridgewater,
MA. The species is not identified in iNaturalist. Photograph by K. Fučíková, 2019, iNaturalist
(https://www.inaturalist.org/observations/27819769).
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Figure 17. A) Map illustrating the distribution of iNaturalist observations for the desmid genus
Xanthidium in New England. The map was produced using the rinat package in R (v2.5.7; Barve
& Hart, 2021).) The species Xanthidium wewahitchkense, observed in Mason, NH. Photograph
by C. Choquette, 2020, iNaturalist (https://www.inaturalist.org/observations/54030280) C) The
species Xanthidium armatum observed in Mason, NH. Photograph by A. Geragotelis, 2020,
iNaturalist (https://www.inaturalist.org/observations/61987526).
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Table 1. The species richness, number of genera, Simpson’s diversity index, and Shannon
diversity index for all 15 sites sampled in the study. The sites are ordered in the table from
highest to lowest species richness. (N) indicates that the site was located in northern New
Hampshire and (S) indicates that site was located in southern New Hampshire. (PS) indicates
that the site was located at Pillsbury State Park.
Wetland
Species
Number
Simpson's Shannon
Richness of Genera Diversity Diversity
Index
Index
Fourth Connecticut 109
18
0.98182
4.30436
Lake (N)
North Pond (PS)

76

16

0.971451

3.965008

May Pond (PS)

64

17

0.964928

3.766793

Mill Pond (PS)

40

14

0.95718

3.447113

East Inlet (N)

31

10

0.951517

3.200802

Hurlbert Swamp (N) 27

13

0.892712

2.705709

Grassy Pond (S)

25

8

0.953125

3.146133

Casalis Pond (S)

21

7

0.943759

2.968392

King Brook
Reservoir (S)

20

8

0.859259

2.518596

Bear Pond (PS)

19

9

0.881894

2.501771

Trail Wetland (PS)

15

9

0.889996

2.406739

Osgood Pond (S)

14

7

0.888889

2.41619

Hedgehog Pond
(PS)

12

9

0.83737

2.200828

Lime Pond (N)

5

3

0.641975

1.303092

Assumption Pond

2

2

0.5

0.693147
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Table 2. Spearman rank (SR) correlation coefficient, quantile regression coefficient, and rank
regression coefficient with corresponding p-values for the relationship between the pH and the
species richness, number of genera, Simpson’s Diversity Index (D), and Shannon Diversity
Index (H) for desmid communities at 14 New England Wetlands. Statistically significant results
are highlighted in bold.
SR
SR
Measure
correlation correlation quantile
quantile
rank
rank
of
coefficient coefficient regression regression regression regression
Diversity
(ρ)
(ρ) p-value coefficient p-value
coefficient p-value
Species
Richness
-0.33595
0.2403
-7.69231
0.6946
-0.3401
0.24025
Number of
Genera
-0.56328
0.03595
-5
0.08772
-0.5664
0.036
D

-0.3315

0.2469

-0.049

0.3422

-0.3356

0.24693

H

-0.31371

0.2747

-0.41258

0.377

-0.3176

0.27474

Table 3. Spearman rank (SR) correlation coefficient, quantile regression coefficient, and rank
regression coefficient with corresponding p-values for the relationship between the conductivity
(µS) and the species richness, number of genera, Simpson’s Diversity Index (D), and Shannon
Diversity Index (H) for desmid communities at 14 New England Wetlands.
SR
SR
Measure
correlation correlation quantile
quantile
rank
rank
of
coefficient coefficient regression regression regression regression
Diversity
(ρ)
(ρ) p-value coefficient p-value
coefficient p-value
Species
Richness
-0.34615
0.247
-0.14783
0.5898
-0.3462
0.24663
Number of
Genera
-0.39724
0.1789
-0.02609
0.1884
-0.3956
0.178923
D

-0.25275

0.4043

-0.00062

0.3861

-0.2527

0.40477

H

-0.30769

0.3063

-0.00682

0.08925

-0.3077

0.30645
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Table 4. Spearman rank (SR) correlation coefficient, quantile regression coefficient, and rank
regression coefficient with corresponding p-values for the relationship between the shoreline
length (km) and the species richness, number of genera, Simpson’s Diversity Index (D), and
Shannon Diversity Index (H) for desmid communities at 13 New England Wetlands.
Conductivity was not measured at Hedgehog Pond.
SR
SR
Measure
correlation correlation quantile
quantile
rank
rank
of
coefficient coefficient regression regression regression regression
Diversity
(ρ)
(ρ) p-value coefficient p-value
coefficient p-value
Species
Richness
0.379121
0.2024
1.88088
0.5064
0.3791
0.2014
Number of
Genera
0.119118
0.6983
0.13831
0.8497
0.1181
0.6983
D

0.32967

0.2715

0.01555

0.1172

0.3297

0.271

H

0.417582

0.1574

0.18212

0.07516

0.4176

0.1557

Table 5. Spearman rank (SR) correlation coefficient, quantile regression coefficient, and rank
regression coefficient with corresponding p-values for the relationship between the total wetland
area (km2) and the species richness, number of genera, Simpson’s Diversity Index (D), and
Shannon Diversity Index (H) for desmid communities at 13 New England Wetlands. Total
wetland area was not measured at Hurlbert Swamp.
Spearman Spearman
rank
rank
Measure
correlation correlation quantile
quantile
rank
rank
of
coefficient coefficient regression regression regression regression
Diversity
(ρ)
(ρ) p-value coefficient p-value
coefficient p-value
Species
Richness
0.335165
0.2631
44.33161
0.4549
0.3352
0.2631
Number of
Genera
0.055404
0.8573
2.98044
0.7911
0.05495
0.8573
D

0.269231

0.3733

0.16876

0.2492

0.2692

0.3737

H

0.373626

0.2094

2.27434

0.1501

0.3736

0.2094
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Table 6. Spearman rank (SR) correlation coefficient, quantile regression coefficient, and rank
regression coefficient with corresponding p-values for the relationship between the unvegetated
open water area (km2) and the species richness, number of genera, Simpson’s Diversity Index
(D), and Shannon Diversity Index (H) for desmid communities at 13 New England Wetlands.
Unvegetated open water area was not measured at Hurlbert Swamp.
Spearman Spearman
rank
rank
Measure
correlation correlation quantile
quantile
rank
rank
of
coefficient coefficient regression regression regression regression
Diversity
(ρ)
(ρ) p-value coefficient p-value
coefficient p-value
Species
Richness
0.423077
0.1516
107.7179
0.1648
0.4231
0.1497
Number of
Genera
0.268707
0.3747
7.58654
0.5811
0.2665
0.3747
D

0.379121

0.2024

0.18823

0.322

0.3791

0.2014

H

0.45055

0.1247

3.20519

0.09947

0.4505

0.1223

Table 7. Spearman rank (SR) correlation coefficient, quantile regression coefficient, and rank
regression coefficient with corresponding p-values for the relationship between the percent
vegetation cover and the species richness, number of genera, Simpson’s Diversity Index (D), and
Shannon Diversity Index (H) for desmid communities at 13 New England Wetlands. Percent
vegetation cover was not measured at Hurlbert Swamp.
Spearman Spearman
rank
rank
Measure
correlation correlation quantile
quantile
rank
rank
of
coefficient coefficient regression regression regression regression
Diversity
(ρ)
(ρ) p-value coefficient p-value
coefficient p-value
Species
Richness
0.021978
0.9494
-0.09136
0.8409
0.02198
0.9432
Number of
Genera
-0.13851
0.6518
0
1
-0.1374
0.6518
D

0.076923

0.8065

-0.00089

0.4084

0.07692

0.8028

H

0.010989

0.9783

-0.00981

0.4159

0.01099

0.9716
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Discussion
The 14 New Hampshire wetlands investigated in this study were inhabited by a diverse
variety of desmid communities. A wide distribution and a narrow ecological range are two
characteristics of good bioindicators. Desmids were observed at all sampled sites. The sites were
located throughout southern and northern New Hampshire, and represented different types of
wetlands, including ponds, lakes, bogs, and swamps. Additionally, the sites were located in areas
with varying degrees of human activity. The presence of desmids at all sites could be indicative
of a wide distribution of desmids in New Hampshire.
The results of the study demonstrate that desmids have a narrow ecological range and are
sensitive to environmental conditions. The desmid diversity and community composition of the
sites differed greatly among sites. Desmid species richness ranged from 5-109 species and the
dissimilarity indices based on species data were high for most pairs of sites. Correlation and
regression analyses indicate that the diversity of desmid communities at the sites, based on the
number of desmid genera, decreased as the pH of the sites increased. The first two ordination
axes of the canonical correspondence analysis with desmid species and genera relative
abundance data explained some variance in desmid community composition of the sites and were
most strongly correlated with conductivity, percent vegetation cover, and pH. The canonical
correspondence analysis also suggested that particular species and genera may be associated with
sites that had high or low conductivity, percent vegetation cover, or pH.
The most common genera were Cosmarium, which had the highest number of
observations, and Euastrum, which was the only genus observed at all sites. Closterium and
Staurastrum were the third and fourth most common species respectively. Cosmarium,
Closterium, and Staurastrum were the most common genera observed in several other studies.
Coesel (1982) observed that Cosmarium, Closterium, and Staurastrum were the most
consistently occurring genera in open water wetland habitats in The Netherlands. Woelkerling
and Gough (1976) examined the desmid communities of 61 lakes in Wisconsin and found that
the genera Staurastrum, Cosmarium, and Closterium formed a significant portion of desmid
communities in all lake types and had the greatest tolerance for differing environmental
conditions.

The Effect of pH and Conductivity on Desmids
pH may be one factor that influences desmid communities of New Hampshire wetlands.
It was hypothesized that desmid diversity would decrease as the pH of the sites increased. The
results of the study support this hypothesis. The Spearman correlation coefficient and rank
regression coefficient for the relationship between pH and number of desmid genera was
negative, moderate, and statistically significant. As the pH of the sites increased, the number of
desmid genera decreased. Desmid diversity was highest at Fourth Connecticut Lake, which was
the site with the lowest pH of 3.75, and lowest at Lime Pond, which was the site with the highest
pH of 5.8. The pH of the surveyed sites was between 3.75-5.8, which indicates that the pH was
acidic at all sites and ranged from highly acidic to slightly acidic. The results do not support the
hypothesis that desmid diversity would be highest at sites with slightly acidic pH levels, and that
desmid diversity would decrease at sites with highly acidic pH levels and basic pH levels.
Desmid diversity decreased as the acidity of the sites decreased from a highly acidic pH of 3.75
to a slightly acidic pH of 5.8.
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Woelkerling and Gough (1976) observed that the number of desmid genera at Wisconsin
lakes was highest between pH levels of 5.1-7.0. The number of genera at the Wisconsin lakes
decreased substantially at basic pH levels, above 7.0, and at more highly acidic pH levels, below
5.1. This result is different from the relation between desmid diversity observed in this study, and
it agrees with the hypothesis that desmid diversity would be highest at slightly acidic pH levels.
Ngearnpat and Peerapornpisal investigated the desmid diversity at 12 freshwater resources in
Thailand as preliminary research for water quality testing with desmids (Ngearnpat &
Peerapornpisal, 2007). Overall, the desmid diversity of the sites was low. The authors
hypothesized that the low desmid diversity could be due to the neutral to alkaline pH levels of
the sites.
Negro et al. (2003) examined the desmid communities of 77 small lakes and mires in the
Sierra Segundera and Cordillera Cantábrica mountain ranges of northwestern Spain. Canonical
correspondence analysis was performed with desmid species biovolume data and 21
environmental variables. The first ordination axis was strongly negatively correlated with pH and
negatively correlated with water depth, while the second ordination axis was strongly positively
correlated with alkalinity and cation content. The authors concluded that pH is the most
important environmental variable in explaining desmid species distribution. A greater number of
desmid species were associated with acidic, low alkalinity conditions than with basic, high
alkalinity conditions. Desmid diversity was higher at sites in Sierra Segundera, where the
average pH and alkalinity were lower, than in Cordillera Cantábrica, where the average pH and
alkalinity were higher.
Šťastný (2009) examined the desmid communities at different locations throughout a bog
in the Czech Republic that contained distinct gradients in pH and trophy. The first ordination
axis of a detrended correspondence analysis (similar to CCA) represented a pH gradient and
explained 26.2% of the variance in the species data. The species richness of the desmid
communities was highest in slightly acid, mesotrophic zones of the bog. Detrended
correspondence analysis (DCA) is different from CCA because the ordination axes in DCA are
not constrained by environmental factors (Zelený, 2022b). The ordination axes in DCA are the
gradients that explain the greatest amount of variation in the species composition of the sites.
The axes are not defined by specific environmental variables, but they can be interpreted by
environmental variables after performing the analysis based on where sites with certain
environmental conditions are located along the gradients. Štěpánkova et al. (2012) studied
desmid communities of peat bogs in the Jeseníky Mountains in the Czech Republic. Based on
redundancy analysis (another type of ordination) with desmid species abundance data and 18
physico-chemical factors, water table elevation and pH had the greatest influence on desmid
community composition at the sites. However, unlike in the current study, desmid diversity
decreased as the pH of the sites decreased. The pH of the samples ranged from 3.69-5.29.
Species richness was highest at sites with less acidic water, corresponding to pH values greater
than 4. The authors conclude that high acidity, corresponding to pH values below 4, may be the
main factor limiting factor in two bogs with low species richness.
Coesel observed a similar relation between desmid diversity and pH in the desmid
communities of quaking fens in The Netherlands (Coesel, 1982). The number of desmid species
decreased as the pH decreased from slightly above 6 in shallow hollows with muddy bottoms to
slightly above 3 in raised tussocks covered by Sphagnum moss. One reason for the difference in
the results of this study and the research of Štěpánkova et al. (2012) and Coesel (1982) could be
that desmids in different habitats or geographical locations respond differently to environmental
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conditions. It is possible that the pH values measured in this study may be low compared to the
pH values measured in other studies of New Hampshire wetlands. For example, the New
Hampshire Department of Environmental Services surveyed Lime Pond for three consecutive
summers between 2019-2021 and reported that the mean pH of the pond was 7.51 (New
Hampshire Department of Environmental Services, 2021). In this study, the pH of Lime Pond
was measured to be 5.8 during the summer of 2021. However, in the survey of Lime Pond
conducted by the NHDES, the pH was measured in the top layer of the lake’s deep spot, while in
this study, pH was measured in the water along the shoreline.
Studies have observed patterns in desmid cell size and surface area to volume ratio at
different pH levels. Bestová et al. (2018) analyzed the factors that explain the variation in the
functional traits and community composition of 148 desmid communities throughout Europe.
Communities of desmids with higher volume and lower surface area to volume ratio were
characterized by low pH, while communities of desmids with lower volume and higher surface
area to volume ratio were characterized by high pH. The authors explain that species with low
surface area to volume ratios may be selected in environments with low pH. A lower surface area
to volume ratio limits the quantity of H+ ions entering the cells of the desmids. This allows the
desmids to better maintain a neutral pH in acidic conditions. From the results of the current study
and the other studies that were described, it could be concluded that pH influences desmid
communities.
The correlation and regression coefficients between the four measures of desmid
diversity and conductivity were negative but were not statistically significant. The correlation
coefficients for the relationships between desmid diversity and conductivity were low, indicating
weak correlations. Conductivity was strongly negatively correlated with the first ordination axis
of the CCA with species relative abundance data strongly negatively correlated with the first
ordination axis of the CCA with the genera relative abundance data. The CCA ordinations were
not statistically significant. It was hypothesized that the desmid diversity at the sites would
decrease as the conductivity of the sites increased. The results do not provide strong support for
this hypothesis. However, the consistently negative direction of the relationships between desmid
diversity and conductivity and the strong correlation of conductivity with first ordination axes of
the canonical correspondence analyses suggest that conductivity may influence desmid diversity
and community composition. Further research is necessary to determine the relationship between
conductivity and desmid diversity and community composition. The conductivity ranged from 4
µS to 177 µS. Few sites in this study had high conductivity values at the upper end of the range
conductivity values, while most sites had conductivity values at the lower end of the range.
Surface waters in New Hampshire have naturally low conductivity, with specific conductance
values below 50 µS/cm (New Hampshire Department of Environmental Services, 2020). The
2020 New Hampshire Lake Trend Report states that the specific conductance of New Hampshire
Lakes increased significantly from 1991 to 2018, most likely due to road salts (New Hampshire
Department of Environmental Services, 2020). The increasing conductivity of New Hampshire
lakes could be one reason it is important to understand how desmid communities of New
Hampshire wetlands respond to conductivity.
In the study of 61 Wisconsin lakes conducted by Woelkerling and Gough (1976), the
relationship between number of desmid genera and conductivity of the sites was analyzed within
a range of conductivity levels that was similar to the range of conductivity levels observed in this
study. Woelkerling and Gough (1976) observed that as the conductivity levels at the sites
increased, the number of desmid genera at the decreased. The analysis of the relationship
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between conductivity and number of genera performed by Woelkerling and Gough (1976) was
different from the analysis in this study. The researchers divided the overall range of
conductivity levels into smaller ranges and determined the total number of desmid genera that
occurred across all sites within each range of conductivity levels. A comparison of the number of
genera and conductivity levels observed at the sites in the current study to the ranges of
conductivity levels defined in Woelkerling and Gough (1976), shows a similar pattern of
decreasing number of desmid genera from the lower ranges of conductivity levels to the higher
ranges of conductivity levels. In the study of freshwater resources in Thailand by Ngearnpat and
Peerapornpisal, the site with the lowest desmid diversity, based on species richness and the
Shannon diversity index, was the site with the highest conductivity of 175 µS/cm (Ngearnpat and
Peerapornpisal, 2007). Although Negro et al. (2003) determined that pH was the most important
variable for explaining variance in desmid community composition of sites at the Sierra
Segundera and Cordillera Cantábrica based on the first axis of the canonical correspondence
analysis, conductivity and cation content were strongly correlated with the second axis. The sites
in the mountain range Sierra Segundera had higher desmid diversity and significantly a lower
average conductivity than sites in the mountain range Cordillera Cantábrica.
The site with the highest desmid diversity was Fourth Connecticut Lake and the site with
the lowest desmid diversity was Lime Pond. Fourth Connecticut Lake was the site with the
lowest pH. It is also the northernmost site and the site with the highest elevation. In addition,
Fourth Connecticut Lake appeared to be more remote than the other sites, and is furthest from
human disturbances such as roads, human settlements, and cities. Lime Pond was the site with
the highest pH and conductivity. Fourth Connecticut Lake is a northern acidic mountain tarn, and
there is a bog mat along the edge of the lake, while Lime Pond is a marl pond. The pH of marl
ponds is high, and as a result, the availability of nutrients for plants and microbes is low.
According to the New Hampshire Department of Environmental Services Lime Pond is the pond
with the highest natural alkalinity in the state of New Hampshire. Woelkerling and Gough (1976)
concluded that of the six Wisconsin lake types assessed in the study, acid bogs were the most
suitable lake type for desmid communities and calcareous spring ponds were the least suitable
lake type for desmid communities. The six lake types in order of suitability were acid bog lakes,
soft water lakes, alkaline bog lakes and closed bogs, hard water lakes, and calcareous spring
ponds. The suitability of the lake types for desmid communities were ranked based on the
desmid abundances and number of desmid genera at the sites belonging to each lake type. The
authors explain that the suitability of the lake types is most likely related to the chemical
conditions of the lake types. Desmid diversity at the Wisconsin lakes was highest at low
conductivity, calcium, and alkalinity levels, pH values of 5.1-7.0, and in the presence of free
CO2. This set of optimal chemical conditions is most similar to the chemical conditions of acid
bogs and least similar to the chemical conditions at calcareous spring ponds.
It may be important to understand why desmid distribution is affected by specific
environmental conditions when evaluating which environmental factors best explain desmid
distribution. Knowledge of desmid physiology and sensitivity to chemical conditions could
provide support for observed correlations between desmid distribution and environmental
conditions. Woelkerling and Gough (1976) present several hypotheses that have been proposed
to explain the correlation between desmid distribution and chemical conditions. One hypothesis
is that the combination of high pH levels and high conductivity levels negatively affects desmid
communities because of the permeability of the desmid plasmalemma (cell membrane). High pH
levels increase the permeability of the plasmalemma, and if the conductivity levels are high, the
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electrolyte content of the water is high and desmid cells would be flooded by excess ions. Spring
ponds, which have high pH and high conductivity, would be unsuitable for desmid communities,
while acid bogs, which have low pH and low conductivity, would be suitable for desmid
communities. A second hypothesis is that desmids distribution is affected by the availability of
free CO2 because desmids require free CO2 for photosynthesis. When pH levels are low, carbon
is available in the form of free CO2, but when pH levels are high, carbon binds to carbonate or
bicarbonate, reducing the levels of free CO2. Acidic lake types would have a greater availability
of CO2 than basic lake types and would therefore be more suitable for desmid communities.
Finally, it is hypothesized that desmids are calciphobic. The Wisconsin desmids study supported
the hypothesis that high pH and conductivity levels together reduce the suitability for desmid
communities and the hypothesis that desmids are calciphobic. However, the authors describe
how laboratory experiments and field studies offer contradictory evidence for the various
hypothesis and conclude that further research is necessary to explain the relations between
chemical conditions and desmid distribution.

Relation of Desmid Cell Morphology to Environmental Conditions
There could be a relationship between desmid community composition and vegetation
cover. Percent vegetation cover was positively correlated with the first ordination axes of the
canonical correspondence analyses with species and genera relative abundance data, although the
ordinations were not statistically significant. The canonical correspondence analysis with genera
relative abundance suggested that the genera Tetmemorus, Actionotaenium, Micrasterias, and
Cylindrocystis were associated with sites with high percent vegetation cover. The species
Cylindrocystis brebissonii, Micrasterias truncata, and Tetmemorus laevis were associated with
sites with high percent vegetation cover according to the CCA with species relative abundance
data. Coesel states that desmids with short, cylindric shapes, such as desmids of the genera
Cylindrocystis, have a small surface area to volume ratio, which may be an adaptation to periodic
desiccation. Additionally, he explains that omniradiate desmids are less dependent on the
direction of incoming sunlight than biradiate desmids, and this provides an advantage in certain
habitats. Omniradiate desmids, such as Cylindrocystis, are circular in the apical view, while
pluriradiate desmids and biradiate desmids, including Cosmarium, are elliptical in the apical
view.
González Garraza et al. (2019) examined which environmental factors influence the
species richness and diversity of desmid communities in peat bogs of a province on the Tierra del
Fuego archipelago in Argentina. The species Cylindrocystis brebissonii was the dominant
species in the periphytic desmid communities of the Fuegian peat bog pools. The authors explain
that Cylindrocystis brebissonii is adapted to drier, semi-terrestrial habitats because of its simple
cell shape and low surface area to volume ratio. It can survive in habitats with strong ecological
fluctuations, such as the edges of the pools where the humidity changes throughout the year.
Genera with bilaterally flattened forms, such as Micrasterias, and large elongate forms, such
Netrium and Tetmemorus are described as having shapes that more advantageous for
photosynthesis than genera with subspherical forms.
Šťastný (2009) found that the desmid communities of periodically desiccating pools of
the bog he studied in the Czech Republic were dominated by Cylindrocystis brebissonii,
Tetmemorus laevis, and Actinotaenium cucurbita, and he which he describes as adaptive and
frequently dividing species. According to Negro et al. (2003), Cylindrocystis brebissonii and
Netrium digitus were two species associated with shallow acidic waters. The species with the
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highest relative abundance at Hurlbert Swamp was Cylindrocystis brebissonii. Hurlbert Swamp
was not included in the CCA. The sample from Hurlbert Swamp in which most of the desmids
were observed was collected from a spot shaded by vegetation and trees. The water level at
Hurlbert Swamp is low and may vary throughout the year. The relative abundance of
Cylindrocystis brebissonii was second highest at Trail Wetland and third highest at Bear Pond.
Trail Wetland and Bear Pond were sites with high percent vegetation cover. Similar to Hurlbert
Swamp, Trail Wetland may have low water levels. Hurlbert Swamp and Trail Wetland were the
sites at which plankton samples were not collected because the water was shallow. The species
with the highest relative abundance at Bear Pond was Actinotaenium cucurbita. The species with
the second highest relative abundance at the Hurlbert Swamp was Netrium digitus. The species
Micrasterias truncata and Tetmemorus laevis had high relative abundances at Bear Pond and
Trail Wetland. The relative abundance of Cosmarium, which is a biradiate and spherical genus,
was lowest at Hurlbert Swamp, Trail Wetland, and Bear Pond.

Site Dissimilarity Measures as a Reflection of Biogeography
The similarity between sites was analyzed with dissimilarity indices and cluster analysis.
The analyses performed by Bestová et al. (2018) exemplify how the similarity between sites can
be used to gain a more complete understanding of the factors that influence desmid community
composition. The decrease in similarity between desmid communities with distance was not
completely explained by differences in environmental conditions in the study. The authors
explain that this difference between sites separated by distance could reflect dispersal limitation.
Dispersal limitation is the limitation in migration of a species from one location to another
because of distance or geography. Additionally, the authors suggest that differences between
desmid species in communities of environmentally similar regions could be partially explained
by the historical biogeography of the area, such as the separation between the locations where the
desmids were able to survive during glacial times. The study by Bestová et al. (2018)
demonstrates that larger scale processes, in addition to current environmental conditions,
influence the composition of desmid communities. Some studies of the relationship between
desmid communities and environmental conditions have compared the desmid communities of
individual samples rather than sites as a whole (González Garraza et al., 2019; Šťastný, 2009). In
this study, the data from the individual samples from the sites were combined. Although water
chemistry measurements and some notes about the sample spots were recorded for each sample,
the desmid taxa data was not recorded separately for each sample. The environmental conditions
were slightly different for each sampling locations at some of the sites. For example, different
spots had different pH and conductivity measurements, light intensity, vegetation, water depth,
and substrate. Data from each sample could be kept separate.

Limitations of the Present Study and Future Directions
There were limitations of this study, and some of the limitations could be addressed in
future research. One limitation of the study was the small sample size. A small sample size
decreases the probability that the sample is representative of the population. There are over 800
lakes and ponds in New Hampshire alone. Further research is necessary to sample additional
wetland sites in New Hampshire and sites in other New England states. Data from a larger
number of sites will allow for a more accurate understanding of the relations between desmid
communities and environmental variables. The small sample size may have limited the
interpretation of the canonical correspondence analysis, because the locations of some species or
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genera on the ordination diagram was determined influenced by their presence or abundance at a
single site that had certain environmental conditions.
A second limitation of the study was that the sampling effort was not equal at all of the
sites. Different numbers of samples were collected from each site. The number of samples
collected at a site was dependent on the number of locations that were accessible for sample
collection. It was difficult to access the water in order to collect samples at multiple spots at all
sites. At some sites, there were no trails around the wetland, so access was limited to a small
section of the shoreline, and at other sites, vegetation cover or rocks blocked access to the water.
The uneven sampling may have affected the desmid data for the sites. For sites at which multiple
samples were collected, there were differences in the number of desmid species and the
abundance of desmids in each sample. For example, at Hurlbert Swamp, two samples were
collected, and the first sample contained an abundance of desmids and several desmid species,
while the second sample contained nearly no desmids. If only the second sample had been
collected, the desmid diversity of the site would not have been captured. Due to the limited
access to the sites, the samples at some sites may not have represented the nature of the entire
site.
One sample was collected at East Inlet and Hedgehog Pond, and at these sites, the
samples were collected along the areas of the wetlands that were along the roads, where the
effects of disturbances may have been the greatest. It could be possible that the desmid
communities at other spots on the wetlands were different. In a future study, the same number of
samples could be collected from each site, or the number of samples could be relative to the size
of the site. This would require planning for where and how samples can be best accessed at the
sites. To capture the diversity of the samples, it was necessary to continue viewing slides until no
new desmid taxa were found. However, as result, a greater number of slides were viewed for
sites with higher diversity than sites with lower diversity, which would affect the abundances of
the observed species. The raw abundance data was converted to relative abundance data for the
analyses to account for the difference in the number of slides viewed. In order to use raw
abundance data in the analyses, the number of slides viewed for every sample could be the same
as the highest number of slides necessary to capture the diversity of a sample.
An additional limitation of the study was that the planktonic and periphytic desmid
samples were not collected separately. The planktonic and periphytic desmid communities at a
site could vary in diversity and composition. A comparison between periphytic and planktonic
communities may be useful for understanding the influence of percent vegetation cover on
desmid community composition that was observed in this study. Planktonic and periphytic
communities may be influenced by different environmental factors. González Garraza et al.
(2019) found that planktonic and periphytic desmid communities of peat bogs on the Tierra del
Fuego archipelago responded to different environmental gradients. The periphytic desmid
communities changed along a trophic gradient, while planktonic desmid communities changed a
long a terrestrialization gradient. The authors conclude that planktonic and periphytic desmid
communities could be used complementarily to assess the trophic and terrestrialization statuses
of sites over time (González Garraza et al., 2019). The differences in the composition of
periphytic and planktonic communities may provide information about how different shapes or
ornamentation allow desmids to adapt to their environments. Coesel (1982) observed that desmid
communities at sites with a lack of aquatic plants were dominated by species of the genera
Closterium and Staurastrum that were adapted to a planktonic lifestyle. The species at these sites
were long, slender, smooth, and had high surface area to volume ratios. Cosmarium species with
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granules, sculpted edges, and flattened shapes were associated with sites that had aquatic plants
with finely divided leaves.
The environmental factors investigated in this study only partially explained the
differences in desmid diversity and desmid community composition of the sites pH, conductivity,
shoreline length, total area, and percent vegetation cover. The first two ordination axes of the
CCA performed with desmid species relative abundance data only account for a total of 24.23%
of the variance in the species relative abundance data. Similarly, the first two ordination axes of
the CCA with genera relative abundance data only account for a total of 32.88% of the variance
in the genera relative abundance data. The ordinations were not statistically significant. The
results indicate that other factors that were not examined in this study influence the desmid
communities of New Hampshire and must be investigated in further studies.
Future research could further investigate the relation between desmid communities and
plant communities in New Hampshire wetlands. The data collected on the plant communities at
the sites in this study were not sufficient for inclusion in the statistical analyses. However, a
comparison of the desmid communities and plant observations at the sites suggest that desmid
diversity and the quality of plant communities may be related. The diversity of desmid
communities was lower at sites inhabited by plant species that are considered invasive or highly
tolerant of anthropogenic disturbance. Plants that are considered native and plants that are
indicative of stable communities were observed at sites with higher desmid diversity.
A characteristic of bioindicators is that it reflects the biological integrity of the site. The
biological integrity of an ecosystem is defined as its ability to maintain the species composition,
diversity, and functional organization of natural habitat of the region (U.S. EPA, n.d-a). A
bioindicator provides information about the health of other communities in the ecosystem and
the ecosystem as a whole. The presence of invasive plant species are indicative of human
disturbance and low biological integrity. Invasive species and species that are highly tolerant of
human disturbance, such as eutrophication or sedimentation, outcompete and replace the native
species that are sensitive to disturbance. For desmid communities to serve as bioindicators, their
response to environmental conditions should reflect the health of the plant communities and
other communities of the wetland. However, differences in the information provided by desmid
communities and plant communities about the health of a wetland could be important. Desmids
may respond to changes in the environment more quickly than vegetation. If the deterioration of
a wetland is detected by changes in the desmid communities before other communities are
affected, monitoring desmid communities would allow organizations to begin restoration efforts
and prevent further damage. A study could be conducted to compare desmid communities to a
measure of vegetation quality at sites.
One measure of the quality of plant communities is the Floristic Quality Index. The
Floristic Quality Index measures the quality of the plant communities at a site based on the
coefficient of conservatism values of the plants at the site. The coefficient of conservatism is a
value from 0-10 that botanists have assigned to each plant in the Northeast. A value of zero is
assigned to invasive plants, and low values are native plants that are highly tolerant of ecological
disturbance. Intermediate values are assigned to native plants that are tolerant to some
anthropogenic disturbance, and high values are assigned to native plants that are very sensitive to
anthropogenic disturbance. The plants observed in this study were evaluated according to the
coefficient of conservatism values, but the Floristic Quality Index was not calculated because the
plants at the sites were not thoroughly assessed. In order to calculate the Floristic Quality Index,
all plants species in a defined area around the sample location could be recorded. Plants must be
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identified to species, because some plants in the same genus have different coefficient of
conservatism values. The equation for the Floristic Quality Index is 𝐹𝑄𝐼 = 𝐶̅ (√𝑁), where 𝐶̅ is
the mean coefficient of conservatism for all of the plant species observed and 𝑁 is the total
number of species observed (Colorado Natural Heritage Program, 2012; Spyreas, 2019). The
Floristic Quality Index of the sites could be used in statistical analyses to determine the
relationships between plant communities and desmid communities.
The effect of nutrient levels on desmid communities could be studied. Coesel (1982)
studied the effects of eutrophication on desmid communities of open water habitats, such as
lakes, dikes, and peat-pits in The Netherlands. The number of desmid species and genera at the
open water habitats increased with decreasing eutrophication. Locations with the highest degree
of eutrophication and lowest desmid diversity had green and turbid because of the growth of
blue-green algae. There was a lack of aquatic plants at the locations with high eutrophication and
low desmid diversity. At locations with an intermediate degree of eutrophication and desmid
diversity, the only macrophytes present were nymphaeids and the water was turbid because of
the growth of chlorococcalean green algae and diatoms. The sites with the lowest degree of
eutrophication and highest desmid diversity had clear water and abundance of diverse
macrophytes. The locations with high eutrophication were polluted by nutrient rich water from
nearby farmlands and houses. Coesel explains that artificial fertilization of lakes leads to
eutrophication, which causes harmful algal blooms that reduce the abundance and diversity of
the macrophytes. Desmids depend on the macrophytes for habitats, so as eutrophication increases
and macrophyte abundance and diversity decrease, desmid diversity decreases. However, Coesel
also indicates that the effect of eutrophication on water chemistry may be detrimental to desmid
diversity. In addition to having the highest conductivity value, the site with the lowest desmid
diversity in the study of freshwater resources in Thailand had the highest level of PO43-. It was
also the only site in the study that was classified as meso-eutrophic rather than oligo-mesotrophic
(Ngearnpat and Peerapornpisal, 2007). Šťastný (2009) found that the species richness of the
desmid communities the bog he sampled in the Czech Republic was highest in a mesotrophic,
slightly acidic zone, and lower in oligomesotrophic and eutrophic zones. In this same study,
Šťastný sampled a second bog and compared the current desmid taxa observed in the bog to the
desmid taxa observed by another researcher at the bog in 1936. The purpose of this comparison
was to determine whether alkaline lake water was causing eutrophication of the bog. Several
highly ecologically sensitive desmid species that were present in 1936 were absent in the study
by Šťastný. The missing taxa were indicative of undisturbed, stable environments. Adaptive taxa
with higher growth rates replaced these ecologically sensitive taxa. It was concluded that the
stability of the environment decreased because alkaline, highly eutrophic water overflows from a
lake into the bog. Šťastný discusses the importance of desmids for monitoring changes in the
environmental conditions of a site, including trophic levels. Water bodies naturally have different
trophic levels, and trophic level may change slowly over time. However, human activities, such
as improper agriculture and land use practices, cause rapid increases in nutrient levels that
increase eutrophication rates of water bodies. In highly populated countries, eutrophication, in
addition to acidification and desiccation, are critical threats to desmid communities (Šťastný,
2009).
The influence of water temperature and climate on desmid communities could be
examined with further research. Water temperature at 1-meter below the surface increased
significantly in about 18% of New Hampshire Lakes between 1991 and 2018, possibly due to
increase in air temperature and earlier ice-out dates. The ice-out day of a lake is the day on which
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the ice in the lake has melted. Earlier ice-out days indicate that the ice is melting earlier in the
year and the period of ice coverage of the lake is shorter. Air temperature and snow cover
influence ice-out days. In New Hampshire, 16.1% of lakes in New Hampshire display a
significant trend of earlier ice-out days based on a minimum of 75 years of data. Water
temperature affects dissolved oxygen levels. Increasing water temperature and earlier ice-out
days may reduce dissolved oxygen levels. Higher water temperatures and lower dissolved
oxygen levels lead to faster eutrophication and the growth of potentially harmful algae (New
Hampshire Department of Environmental Services, 2020). As climate change alters the
temperature and precipitation patterns in New England, it is especially important to understand
how desmid communities respond to different climates.
The climate and water temperature in New Hampshire vary from the north to the south.
Northern New Hampshire has colder temperatures and higher snowfall than southern New
Hampshire. In northern New Hampshire, there are cold water lakes, while in southern New
Hampshire, there are warm/cool water lakes. This variation in climate and water temperature
throughout the state could allow researchers to study the influence of climate on desmid
communities in New Hampshire. The results of the research by Bestová et al. (2018) illustrate
the influence of climate on desmid communities across Europe. The study focused on the traits
of cell volume and surface area to volume ratio in desmid communities. The deviation of the trait
ranges from random increased (became more negative) along a gradient of oceanic to continental
climate. The continental climate was considered to have more severe environmental conditions,
with lower precipitation, lower temperatures, and higher temperature seasonality. This could
result in greater habitat filtering, which selects against phenotypes that are not well suited to the
conditions and reduces the trait range. Desmids living in the continental climate had higher
volumes and lower surface area to volume ratios. The oceanic climate was more favorable than
the continental climate, with higher precipitation and lower seasonality. In the oceanic climate,
the variance in traits of desmid communities was lower than would be expected at random. The
desmids in ocean climates are smaller, with larger surface area to volume ratios and higher
growth rates. There is higher competition in favorable environments. The competition could lead
to functional convergence because desmids with larger volumes and slower growth rates have a
competitive disadvantage and are excluded. A similar study could compare the desmid
communities of wetlands closer to the New England coast and wetlands further inland, in
Vermont.
The relationship between environmental conditions and desmid shapes or sizes is another
possible question that could be researched. Bestová et al. (2018) explains that the size and
surface area to volume ratio of photoautotrophs is closely connected to their ability to acquire
light and nutrients. The size of desmid cells ranges from less than 10 µm to 1mm. This is a wide
range of sizes, and according to Bestová, it could be indicative of adaptations to a large range of
niches. Smaller cell sizes are related to higher growth rates. In oligotrophic environmental, high
surface area to volume ratios are advantageous for taking in nutrients, and in acidic
environments, low surface area to volume ratios are advantageous for preventing excess H+ ions
from flooding the cells. The study by Bestová et al. (2018) showed that desmid cell volume and
surface area to volume ratio were influenced by pH and climate. Coesel (1982) observed that
species with large cells sizes and longer generation times were present in oligotrophic, low
conductivity stages of hydrosere succession in submerged fen hollows in The Netherlands.
Small, frequently dividing species were observed in stages with higher conductivity and more
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eutrophic conditions. The slow growth rates of the large celled species may be advantageous in
low nutrient conditions.
González Garraza et al. (2019) found that the size of desmids in planktonic communities
in peat bogs of the Tierra del Fuego archipelago varied along a terrestrialization gradient.
Planktonic desmid communities in more aquatic pools contained high abundances of smaller
desmid species, while planktonic desmid communities in terrestrial pools contained low
abundances of larger desmid species. In this study, the length and width of the desmid specimens
was measured with the Amscope software. A similar method could be used to estimate the size
of desmids and the sizes could be analyzed in relation to environmental variables.
Finally, the role of desmids as bioindicators presents an exciting opportunity for the
protection of wetlands through citizen science. Citizens could collect data on desmids at
wetlands throughout the region, and this data would be used to monitor wetland health. People
enjoy finding desmids and learning about desmids and their habitats. A citizen science project
based on desmids would encourage the involvement of communities, schools, volunteer
organizations, and individuals in wetland protection. It would promote citizen stewardship of
wetlands. After basic training, citizens would be able to collect samples and view and
photograph desmids with microscopes located in their communities or with Foldscope paper
microscopes and a phone. The photographs could be uploaded to a project in iNaturalist, and
citizens or scientists could identify the desmids. This type of project would provide education
about the importance of wetlands and microorganisms. As volunteers and nature enthusiasts
spend time at wetlands in their communities, their respect for wetlands and a sense of
responsibility to protect wetlands may grow. The project would show future generations that they
are part of science and have the power to protect nature. Conservationist and former director of
the U.S. Fish and Wildlife Service Mollie Beattie said, “At some point the will to conserve our
natural resources has to rise up from the heart and soul of the people—citizens themselves taking
conservation into their own hands…making it happen” (U.S. EPA, 2002c, p.1). Wetlands are
essential for all life, and we must protect them.

64

References
American Museum of Natural History. (n.d.). A world in a drop.
https://www.amnh.org/exhibitions/water-h2o-life/healthy-water-healthy-lives/a-world-ina-drop
Bellinger, E.G., & Sigee, D.C. (2015). Freshwater algae: Identification, enumeration, and use as
bioindicators (2nd ed.). Wiley.
Bender, M. (2019). Osgood Pond dredging project. (Report No. 2019-003). Town of Milford.
https://www.milford.nh.gov/system/files/uploads/osgood_pond_dredge_draft_proposal_r
equest_phase_ii_2019_2019.10.01.pdf
Bestová, H., Munoz, F., Svoboda, P., Škaloud, P., & Violle, C. (2018). Ecological and
biogeographical drivers of freshwater green algae biodiversity: from local communities to
large-scale species pools of desmids. Oecologia, 186, 1017-1030.
https://doi.org/10.1111/j.1461-0248.2006.01006.x
Calderó-Pascual, M., de Eyto, E., Jennings, E., Dillane, M., Andersen, M.R., Kelly, S., Wilson,
H.L., & McCarthy, V. (2020). Effects of consecutive extreme weather events on a
temperate dystrophic lake: A detailed insight into physical, chemical and biological
responses. Water, 12(5), 1411. https://doi.org/10.3390/w12051411
Clements, M. (2021). Streams and Nutrient Pollution [Class handout]. Northern Essex
Community College. BIO215.
Coesel, P. (1982). Structural characteristics and adaptations of desmid communities. Journal of
Ecology, 70(1), 163-177. https://doi-org.lib.assumption.edu/10.2307/2259871
Coesel, P. (1998). Sieralgen en natuurwaarden: Handleiding ter bepaling van natuurwaarden
van stilstaande, zoete wateren, op basis van het desmidiaceënbestand (Desmids and

65

Nature: A guide for using desmids in the assessment of nature value in standing
freshwaters). Wetenschappelijke Mededeling KNNV.
Coesel, P. (2001). A method for quantifying conservation value in lentic freshwater habitats
using desmids as indicator organisms. Biodiversity and Conservation, 10(2), 177-187.
http://dx.doi.org.lib.assumption.edu/10.1023/A:1008985018197
Coesel, P. (2003). Desmid flora data as a tool in conservation management of Dutch freshwater
wetlands. Biologia, 58(4), 717-722.
Colorado Natural Heritage Program. (2012). Floristic Quality Assessment (FQA) Calculator for
Colorado: User’s guide.
https://cnhp.colostate.edu/download/documents/cwic_docs/FQA_Calculator_Users_Guide.pd
f
Cronk, J.K. & Fennessy, S. (2006). Wetland plants: Biology and ecology. CRC Press.
Cushman, J. (1903). Notes on New England Desmids – I. Rhodora, 5(57), 221-225.
http://www.jstor.org/stable/23293486
Cushman, J. (1903). Notes on New England Desmids – II. Rhodora, 5(58), 252-255.
http://www.jstor.org/stable/23293571
Cushman, J. (1905). A contribution to the Desmid flora of New Hampshire. Rhodora, 7(78), 111-119.
http://www.jstor.org/stable/23293627
Cushman, J. (1908). A synopsis of New England species of Micrasterias. Rhodora, 10(114), 97-111.
http://www.jstor.org/stable/23294008
Desmids, introduction. (n.d.).
http://www.desmids.nl/info/introduction/desmids_introduction.html

66

Dixit, S. S., Smol, J. P., Charles, D. F., Hughes, R. M., & al, e. (1999). Assessing water quality
changes in the lakes of the northeastern United States using sediment diatoms. Canadian
Journal of Fisheries and Aquatic Sciences, 56(1), 131-152.
Dye, S. (2020, February 22). Quantile Regression. Towards Data Science.
https://towardsdatascience.com/quantile-regression-ff2343c4a03
Fučíková, K. (2020, March 4). K. Fučíková Botany2020 virtual presentation: Desmids of
selected New England ponds a comparison to historical data [Video]. Youtube.
https://www.youtube.com/watch?v=IWlphKkEZ4g
Fučíková, K., Johansen, J.R., & Hall, J.D. (2015). A contribution to the desmid flora of
Southeastern Maine. Journal of the Torrey Botanical Society. DOI: 10.3159/TORREYD-14-00046.1
Gardener, M. (2017). Statistics for ecologists using R and Excel (2nd ed.). Pelagic Publishing.
Gatz, L. & Stubbs, M. (2017). Wetlands: an overview of issues (Congressional Research Service
Report No. RL33483). The Congressional Research Service.
https://www.everycrsreport.com/files/20170105_RL33483_740bd446f7ec4e3db28c47e468ee
392cc2e00b93.pdf
Geragotelis, A. & Fučíková, K. (2021). A comparison of desmid communities in two New
Hampshire wetlands [Unpublished undergraduate honors thesis]. Assumption University.
González Garraza, G., Burdman, L., & Mataloni, G. (2019). Desmids (Zygnematophyceae,
Streptophyta) community drivers and potential as a monitoring tool in South American
peat bogs. Hydrobiologia, 833(1), 125-141. https://doi.org/10.1007/s10750-01903895
Indiana University. (n.d.). Climate implications – wetlands.
https://eri.iu.edu/erit/implications/wetlands.html

67

Jari Oksanen, F. Guillaume Blanchet, Michael Friendly, Roeland Kindt, Pierre
Legendre, Dan McGlinn, Peter R. Minchin, R. B. O'Hara, Gavin L. Simpson, Peter
Solymos, M. Henry H. Stevens, Eduard Szoecs and Helene Wagner (2020). vegan:
Community Ecology Package. R package version 2.5-7.
https://CRAN.R-project.org/package=vegan
John, O.O. & Nduka, E.C. (2009). Quantile regression analysis as a robust alternative to ordinary
least squares. Scientia Africana, 8, 61-65.
Kociolek, J.P., Blanco, S.; Coste, M., Ector, L., Liu, Y., Karthick, B., … Witkowski, J. (2022).
DiatomBase. https://www.diatombase.org on 2022-03-19. DOI:10.14284/504
Leliaert, F., Smith, D.R., Moreau, H., Herron, M.D., Verbruggen, H., Delwiche, C.F., & Clerck,
O.D. (2012). Phylogeny and molecular evolution of the green algae. Critical Reviews in
Plant Sciences, 35(1), 1-46. https://doi.org/10.1080/07352689.2011.615705
Matanuska-Susitna Borough Government. (n.d.). The functional and economic values of
wetlands. https://www.matsugov.us/docs/general/17138/wetlands-fact-sheet-2finalopt.pdf
Morales, E.A., Siver, P. A., & Trainor, F. R. (2001). Identification of Diatoms
(Bacillariophyceae) during Ecological Assessments: Comparison between Light
Microscopy and Scanning Electron Microscopy Techniques. Proceedings of the Academy
of Natural Sciences of Philadelphia, 151, 95–103. DOI:10.1635/00973157(2001)151[0095:IODBDE]2.0.CO;2
Murphy, S. (2007, April 23). General information on phosphorus. City of Boulder Water Quality
Monitoring.

68

http://bcn.boulder.co.us/basin/data/NEW/info/TP.html#:~:text=Orthophosphate%20is%2
0sometimes%20referred%20to,the%20form%20used%20by%20plants.
Mutinová, P.T., Neustupa, J., Bevilacqua, S., & Terlizzi, A. (2016). Host specificity of epiphytic
diatom (Bacillariophyceae) and desmid (Desmidiales) communities. Aquatic Ecology,
50(4), 697-709. http://dx.doi.org.lib.assumption.edu/10.1007/s10452-016-9587-y
Nahlik, A.M., & Fennessy, M.S. (2016). Carbon storage in U.S. wetlands. Nature
Communications, 7. https://doi.org/10.1038/ncomms13835
National Geographic. (n.d.). Runoff. https://www.nationalgeographic.org/encyclopedia/runoff/
Negro, A.I., De Hoyos, C., & Aldasoro, J.J. (2003). Diatom and desmid relationships with the
environment in mountain lakes and mires of NW Spain. Hydrobiologia, 505(1), 1-13.
https://doi.org/10.1023/B:HYDR.0000007212.78065.c1
New England Interstate Water Pollution Control Commission. (2013). NH CoC List.
http://neiwpcc.org/wp-content/uploads/2020/08/New-Hampshire_11.08.13.xlsx
New England Interstate Water Pollution Control Commission. (n.d.). Northeast Regional
Floristic Quality Assessment. https://neiwpcc.org/our-programs/wetlands-aquaticspecies/nebawwg/fqa/
New Hampshire Department of Environmental Services. (2020). New Hampshire Lake Trend
Report: Status and trends of water quality indicators. (Report No. WD-20-08).
https://www.des.nh.gov/sites/g/files/ehbemt341/files/documents/r-wd-20-08.pdf
New Hampshire Department of Environmental Services. (2021). Lake trophic survey report:
Lime Pond, Columbia, NH: 2019-2021.
https://www4.des.state.nh.us/onestoppub/TrophicSurveys/Lime%20Pond%2C%20Colum
bia%2C%202021.pdf

69

New Hampshire Fish and Game. (n.d.). East Inlet.
https://www.wildlife.state.nh.us/maps/bathymetry/eastinlet_pittsburg.pdf
New Hampshire Natural Heritage Bureau. (n.d.). Manchester Cedar Swamp [Brochure].
https://www.nh.gov/nhdfl/documents/mcs.pdf
Ngearnpat, N., & Peerapornpisal. (2007). Application of desmid diversity in assessing the water
quality of 12 freshwater resources in Thailand. Journal of Applied Phycology, 19(6), 667674. DOI: 10.1007/s10811-007-9191-6
Nguyen, M. (n.d.). Quantile Regression. https://bookdown.org/mike/data_analysis/quantileregression.html
Nichols, W. F. (2015a). Natural freshwater lakes and ponds in New Hampshire: Draft
classification. New Hampshire Natural Heritage Bureau.
https://www.nh.gov/nhdfl/documents/draft_classification_of_freshwater_lakes_and_pond
s_in_nh.pdf
Nichols, W. F. (2015b). Rank specifications for wetland systems in New Hampshire. New
Hampshire Natural Heritage Bureau.
https://www.nh.gov/nhdfl/documents/rank_specifications_for_wetland_systems_in_nh.p
df
Palmer, M.W. (n.d.). Ordination Methods – an overview.
http://ordination.okstate.edu/overview.htm
Prescott, G.W. (1951). Algae of the Western Great Lakes area. Wm. C. Brown Company
Publishers. https://members.educause.edu/wm-c-brown-company-publishers
Prescott G.W., Croasdale H.T., & Vinyard W.C. (1972). North American flora: Desmidiales:
Part 1: Saccodermae, Mesotaeniaceae. The New York Botanical Garden.

70

Prescott, G.W., Croasdale, H.T., Vinyard, W.C. (1975). A synopsis of North American desmids:
Part II: Desmidiaceae: Placodermae section 1. University of Nebraska Press.
Prescott G.W., Croasdale H.T., & Vinyard W.C. (1977). A synopsis of North American desmids:
Part II: Desmidiaceae: Placodermae section 2. University of Nebraska Press.
Prescott G.W., Croasdale H.T., Vinyard W.C., & Bicudo C.E.M. (1981). A synopsis of North
American desmids: Part II: Desmidiaceae: Placodermae section 3. University of
Nebraska Press.
Prescott, G.W., Bicudo, C.E.M., & Vinyard, W.C. (1982). A synopsis of North American
desmids: Part II: Desmidiaceae: Placodermae section 4. University of Nebraska Press.
Ramsar. (n.d.). Wetlands: The key to coping with climate change [Fact Sheet].
https://www.ramsar.org/sites/default/files/documents/library/wwd19_handout_e.pdf
R Core Team (2021). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL
https://www.R-project.org/.
Roger Koenker (2022). quantreg: Quantile Regression. R package version 5.88.
https://CRAN.R-project.org/package=quantreg
Royal Geography Society. (n.d.). A guide to Spearman’s Rank.
https://www.rgs.org/CMSPages/GetFile.aspx?nodeguid=882169d2-8f96-4c55-84f5fbb7614870e9&lang=en-GB
Schober, P., Boer, C., & Schwarte, L. A. (2018). Correlation coefficients: Appropriate use and
interpretation. Anasthesia and Analgesia, 126(5), 1763-1768. DOI:
10.1213/ANE.0000000000002864

71

Society for the Protection of New Hampshire Forests. (n.d.). Heald Tract.
https://forestsociety.org/property/heald-tract
Spyreas, G. (2019). Floristic Quality Assessment: A critique, a defense, and a primer. Ecosphere,
10(8), 1-18. https://doi.org/10.1002/ecs2.2825
Stata. (n.d.). Quantile Regression. https://www.stata.com/features/overview/quantile-regression/
Šťastný, J. (2009). The desmids of the Swamp Nature Reserve (North Bohemia, Czech Republic)
and a small neighbouring bog: species composition and ecological condition of both sites.
Fottea, 9(1), 135-148. DOI: 10.5507/fot.2009.012
Štěpánková, J., Hasler, P., Hladká, M., & Poulíčková, A. (2012). Diversity and ecology of
desmids of peat bogs in the Jeseníky Mts: Spatial distribution, remarkable finds. Journal
of the Czech Phycological Society, 12(12), 111-126. DOI: 10.5507/fot.2012.009
ter Braak, C.J.F. & Verdonschot, P.F.M. (1995). Canonical correspondence analysis and related
multivariate methods in aquatic ecology. Aquatic Science, 57(3), 255–289.
https://doi.org/10.1007/BF00877430
The Linnean Society. (2020, Nov. 9). Desmid algae: Jewels in the bog [Video]. YouTube.
https://www.youtube.com/watch?v=O1GRZ-4fNn4
The Nature Conservancy. (n.d.-a). Fourth Connecticut Lake. https://www.nature.org/en-us/getinvolved/how-to-help/places-we-protect/fourth-connecticut-lake/
The Nature Conservancy. (n.d.-b). East Inlet and Norton Pool. https://www.nature.org/en-us/getinvolved/how-to-help/places-we-protect/norton-pool/
The Nature Conservancy. (n.d.-c). Lime Pond Preserve. https://www.nature.org/en-us/getinvolved/how-to-help/places-we-protect/lime-pond-preserve/

72

The Nature Conservancy. (n.d.-d). Hurlbert Swamp. https://www.nature.org/en-us/getinvolved/how-to-help/places-we-protect/hurlbert-swamp/
United States Department of Agriculture. (n.d.). Living in harmony with wetlands: Plant life,
wildlife, and endangered species.
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/national/home/?cid=nrcs143_023509#:
~:text=America's%20wetlands%20are%20alive%20with,geese%20need%20wetlands%2
0to%20live.
University of Florida, (n.d.). How to Calculate Biodiversity.
https://entnemdept.ufl.edu/hodges/protectus/lp_webfolder/9_12_grade/student_handout_
1a.pdf
University of Missouri. (n.d.). Nitrogen in the environment: Nitrogen’s most common forms.
https://extension.missouri.edu/publications/wq253
U.S. EPA. (n.d.-a). Functions and values of wetlands [Fact Sheet].
https://www.epa.gov/sites/production/files/202101/documents/functions_values_of_wetlands.pdf
U.S. EPA. (n.d.-b). Indicators: Conductivity. https://www.epa.gov/national-aquatic-resourcesurveys/indicators-conductivity
U.S. EPA. (n.d.-c). Section 404 of the clean water act. https://www.epa.gov/cwa-404/howwetlands-are-defined-and-identified-under-cwa-section-404
U.S. EPA. (n.d.-d). Threats to wetlands [Fact Sheet].
https://www.epa.gov/sites/production/files/2021-01/documents/threats_to_wetlands.pdf
U.S. EPA. (n.d.-e). Types of wetlands. https://www.epa.gov/wetlands/classification-and-typeswetlands#marshes

73

U.S. EPA. (n.d.-f). Why are wetlands important? https://www.epa.gov/wetlands/why-arewetlandsimportant#:~:text=Far%20from%20being%20useless%2C%20disease,our%20use%20at
%20no%20cost.
U.S. EPA. (2002a). Methods for evaluating wetland condition: using algae to assess
environmental conditions in wetlands (EPA Publication No. 822-R-02-021). EPA Office
of Water. https://www.epa.gov/sites/production/files/documents/wetlands_11algae.pdf
U.S. EPA. (2002b). Methods for assessing wetland condition: using vegetation to assess
environmental conditions in wetlands (EPA Publication No. EPA-822-R-02-020). EPA
Office of Water.
https://www.epa.gov/sites/production/files/documents/wetlands_10vegetation.pdf
U.S. EPA. (2002c). Methods for assessing wetland condition: volunteers and wetland
biomonitoring (EPA Publication No. EPA-822-R-02-018). EPA Office of Water.
https://www.epa.gov/sites/production/files/documents/wetlands_8volunteers.pdf
U.S. EPA. (n.d.). Indicators: Sediment Diatoms. https://www.epa.gov/national-aquatic-resourcesurveys/indicators-sediment-diatoms
U.S. EPA. (2016). National wetland condition assessment 2011: A collaborative survey of the
nation’s wetlands (EPA Publication No. EPA-843-R-15-005). EPA Office of Wetlands,
Oceans, and Watersheds.
https://www.epa.gov/sites/production/files/documents/wetlands_10vegetation.pdf
Vaccarino, M.A., Veselá, J., & Johansen, J.R. (2011). The algal flora of Acadia National Park,
Maine. Northeastern Naturalist. 18(4), 457-474. https://doi.org/10.1656/045.018.0404

74

Van den Hoek, C., Mann, D.G., & Jahns, H.M. (1995). Algae: An introduction to phycology.
Cambridge University Press.
Vermont Agency of Natural Resources. (n.d.). Wetland functions and values: Rare, threatened
and endangered species habitat. State of Vermont.
https://dec.vermont.gov/watershed/wetlands/functions/sensitive
Vijay Barve and Edmund Hart (2021). rinat: Access 'iNaturalist' Data Through APIs. R
package version 0.1.8. https://CRAN.R-project.org/package=rinat
Wehr, J.D., Sheath, R.G., & Kociolek, J.P. (2015). Freshwater algae of North America: Ecology
and classification. Elsevier Science & Technology.
Woelkerling, W.J. & Gough, S.B. (1976). Wisconsin desmids. III. Desmid community
composition and distribution in relation to lake type and water chemistry. Hydrobiologia,
51(1), 3-31. https://doi.org/10.1007/BF00007982.
World Wildlife Fund. (n.d.). Water Scarcity. https://www.worldwildlife.org/threats/waterscarcity
Zelený, D. (2022, March 17a). Ecological Resemblance. Analysis of community ecology data in
R. https://www.davidzeleny.net/anadat-r/doku.php/en:similarity
Zelený, D. (2022, March 9b) Ordination Analysis. Analysis of community ecology data in R.
https://www.davidzeleny.net/anadat-r/doku.php/en:ordination

75

